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Gamma-Ray Spectrum of Polonium-209 


E. H. Daccert* anp G 


R. Grove 


Mound Laboratory,t Monsanto Chemical Company, Miamisburg, Ohio 
(Received November 10, 1954; revised manuscript received March 25, 1955) 


A polonium sample was produced at Oak Ridge National Laboratory by the bombardment of bismuth 
targets with 20-Mev protons. The sample contained a mixture of the polonium isotopes of mass 208 and 209 
with a negligible amount of the isotope-of mass 210. Measurements were made of the isotopic ratio from 
the molecular spectrum and the alpha activity was determined by calorimetry. The spectrum obtained 
with a NalI(TI) crystal and pulse-height analyzer showed the existence of gamma rays with energies of 
about 270, 570, and 865 kev. The 803-kev gamma ray of Po*” was not detected: This spectrum is attributed 
to Po® since there is no gamma radiation from Po*™*. The intensity of the 865-kev gamma ray relative to 
the gamma ray of a calibrated Po*” sample was estimated to be about 7.5X10~* quanta per Po™ alpha 
particle. Coincidence measurements between various pairs of gamma rays indicated that only the 270- and 
570-kev quanta were in cascade and existed with about the same relative intensity as the 865-kev gamma ray. 


INTRODUCTION 


POLONIUM sample was produced at the Oak. 


Ridge National Laboratory by bombardment of 
bismuth targets with cyclotron-produced protons having 
energies in the region of 20 Mev. At 20-Mev proton 
energy the (p,2m) reaction predominates to yield 
polonium-208. The competing (p,2) reaction producing 
polonium-209 has a yield of the order of ten percent 
relative to the (p,2m) reaction; while the radiative- 
capture reaction gives only a trace amount of polonium- 
210. The irradiated targets were dissolved in nitric 
acid and the polonium was plated on platinum foils. 
A small part of the polonium was volatilized into a 
quartz tube for spectroscopic determination of the 
isotopic ratios.'| The remainder of the polonium was 
volatilized into another quartz tube which was sealed 
in an aluminum container about } inch in diameter by 
? inch long and constituted the sample which was used 
for calorimetric and gamma-ray measurements. 

From the relative intensities of the band heads of the 
Po™— Po” and the Po®*—Po** molecules obtained 
from the molecular spectrum of the small sample, it was 
estimated that the sample contained 14.5+0.8 percent 
by weight of polonium-209 relative to the total polonium 

* Present address: Bell Telephone Laboratories, Murray Hill, 
New Jersey. 

t Mound Laboratory is operated by Monsanto Chemical Com- 


pany for the U. S. Atomic Energy Commission. 
: D. J]. Hunt and G. Pish, J. Opt. Soc. Am. (to be published) 


content. Only a trace amount of polonium-210 was 
detected. Calorimetric determinations of the power out- 
put of the large sample gave a value of very nearly one 
curie for the alpha activity, using a half-life value of 
1070 days and an alpha energy of 5.14 Mev for polo- 
nium-208, and a half-life of 200 years and an alpha 
energy of 4.95 Mev for polonium-209. From the spec- 
troscopic and calorimetric measurements it was esti- 
mated that about 2.4 millicuries of polonium-209 was 
present in the sample. 


EXPERIMENTAL 


The gamma-ray spectrum, Fig. 1, showed the ex- 
istence of three gamma rays with energies of about 270, 
570, and 865 kev. The 803-kev gamma ray of polonium- 
210 was not detectable from this sample. These three 
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Fic. 1. Gamma-ray spectrum of polonium-209. 
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Fic. 2. Decay of polonium-209 


gamma rays are attributed to the decay of polonium- 
209 since it has been reported by Templeton, Howland, 
and Perlman’ that there is no gamma radiation associ- 
ated with the decay of polonium-208. 

The gamma-ray spectrum from a pure polonium-210 
standard sample was measured with the scintillation 
spectrometer using nearly the same geometry. The 
standard had an activity of 0.72 microcurie of the 
803-kev gamma radiation. A comparison of the relative 
intensities of the 865- and 803-kev gamma rays cor- 
rected for differences of crystal efficiencies gave a value 
of 18 microcuries of 865-kev gamma radiation from the 
polonium-209 sample. Thus the alpha branching in the 
decay of polonium-209 to the 865-kev excited level of 
lead-205 is about 0.75 percent. 

Coincidence measurements were made on the three 
different pair combinations of the 270, 570, and 865 kev 
gamma rays. The only combination giving a significant 
coincidence-counting rate within a resolving time of 
about 0.55 microsecond was the 270—570 kev pair. 
From the observed coincidence-counting rate corrected 
for the random contribution, the intensity of the coin- 
cident pair was estimated to be about 17 microcuries. 
This is an alpha-branching ratio of about 0.7 percent 
which gives rise to an 840-kev excited state of lead-205 
that decays by cascade emission of the 270- and 570-kev 
gamma rays. The relative intensities of the three gamma 
rays and the alpha-branching ratios leading to their 
formation are consistent with the efficiency response of 
the crystal for gamma rays of these energies. 


DISCUSSION 


Figure 2 shows the proposed decay scheme for polo- 
nium-209. About 98.5 percent of the alpha radiation 
leads directly to the ground state of lead-205. The two 


72, 758 


* Templeton, Howland, and Perlman, Phys. Rev 
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fine-structure modes of decay of nearly equal intensity 
lead to excited states of lead-205 which differ in energy 
by only 25 kev. 

This 25-kev difference in level spacing was verified 
by observing the spectrum ina well-type crystal, Fig. 3, 
which was thick enough to absorb a reasonable fraction 
of both of the cascade gamma rays emitted in the same 
event. This spectrum shows the peaks which are due 
to the sum of the 270- and 570-kev gamma rays and the 
865-kev gamma ray. These peaks are separated by 
approximately 25 kev of energy which led to the pro- 
posed decay scheme instead of a single excited state 
which decayed by a single gamma ray or a cascade pair. 

The existence of gamma rays following the decay of 
bismuth-205 by electron capture with energies of 0.431, 
0.527, 0.550, 0.746, and 1.84 Mev have been reported 
by Karraker and Templeton.? Gamma-ray energies of 
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Fic. 3. Crystal counter and response. 


284.4, 703.7, 911.6, 988.6, 1044.6, 1074.1, 1189.8, 1615.4, 
1766.3, 1777.8, and 1864.2 kev were found by Alburger 
and Pryce‘ from conversion electron measurements 
using a source containing bismuth-205. These gamma 
rays result from transitions from excited states of 
lead-205 as do the three gamma rays observed in the 
decay of polonium-209. Inasmuch as these data are not 
mutually complementary, a level scheme for lead-205 
is not as yet clearly defined. 
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Relative Intensities of the Radiations from Hf'’*t 


A. O. Burrorp, J. F. Perxrns,* anp §. K. Haynes 
Vanderbilt University, Nashville, Tennessee 
(Received November 8, 1954; revised manuscript received March 28, 1955) 


The intensities of the electronic and electromagnetic radiations of Hf'™* have been measured with a 
magnetic-lens spectrometer. The existence of transitions of 89.1, 113.4, 228, 318, 342.3, and 431 kev was 
confirmed. For the 89.1-kev transition ax =3.5_, 5*!*, ax/az,=6.041, ap/aw=3.5+0.9, and the transition 
is predominantly M1. For the 228-kev transition ax/az,4 = 2.0-+-0.5 and the transition is of the type £2 
For the 342.3-kev transition ax/az,4=4.94+0.5, and the transition is a mixture of M1 and £2. A decay 
scheme is given in which the ground state of Lu'’* is characterized as 2=7/2, ]=7/2, parity even; the 
113.4-key state is the first rotational excited state with Q=7/2, ]=9/2, parity even; the 342.3-kev state is 
a single-particle excited state with Q@= 5/2, ]=5/2, parity even; and the 431-kev state is the first rotational 


~ excitation of the 342.3-kev state with Q=5/2, ]=7 


I. INTRODUCTION 


AFNIUM-175 was discovered in 1949 by Wilkin- 

son and Hicks' as a product of the reactions 
Lu'*(p,n)Hf'”® and Lu'’*(d,2n)Hf'”*. The half-life was 
measured and found to be 70+2 days. They showed the 
presence of strong Lu K x-rays which indicated K 
capture and found a 350-kev gamma ray with a con- 
version coefficient of approximately 0.4. A 1.5-Mev 
gamma ray reported by these observers has not been 
found by others including ourselves. The assignment of 
the activity to Hf'’® was confirmed by Hedgran and 
Thulin*® and by Burson et al.* who produced the activity 
by neutron capture in separated isotopes of Hf. The 
conversion lines have been studied by Cork et al.‘ who 
discovered the K, L, and M lines of 89.1- and 342.3-kev 
gamma rays, by Burson et al.* who confirmed these lines 
and found conversion lines from gamma rays of 113.4 
and 228.4 kev, and by Burson and Rutledge*®:* who 
found lines from gamma rays of 318 and 431 kev and 
who measured the K/L conversion ratios of the four 
strongest lines to be ~/3 for 89.1 kev, ~10 for 113.4 kev, 
~2 for 228.4 kev, and 4.93+0.20 for 342.3 kev. Later 
Bashilev ef al.’ obtained an ag:az:ay of 30:15:1.5 for 
the 89.1-kev transition and 100: 20:5 for the 342.3-kev 
transition. 

The studies reported here were designed as far as 
possible to provide more information on the relative 
intensities (a) of the electronic radiations by use of a 
magnetic-lens spectrometer, and (b) of the gamma 
radiations by measurement of the photoelectrons in 
the magnetic-lens spectrometer. 

t This work was supported in part by contract with the U. S 
Atomic Energy Commission whose assistance is gratefully ac 
knowledged. 

*U. S. Atomic Energy Predoctoral Fellow 
Present address : Lockheed Aircraft Corporation, Smyrna, Georgia 

1G. Wilkinson and H. Hicks, Phys. Rev. 75, 696 (1949 

* A. Hedgran and S. Thulin, Phys. Rev. $1, 1072 (1951). 

* Burson, Blair, Keller, and Wexler, Phys. Rev. 83, 62 (1951) 

4 Cork, Stoddard, Rutledge, Branyan, and Le Blanc, Phys. Rev 
78, 299 (1950) 

5S. B. Burson and W. C. Rutledge, Phys. Rev. 86, 633 (1952) 

*S. B. Burson and W. C. Rutledge, Argonne National Labora- 
tory Report ANL-4746, 1951 (unpublished) 


7 Bashiiev, Anton’eva, Dzhelepov, and Dolgentseva, Isvest. 
Akad. Naut. Ser. Fiz. U.S.S.R. 17, 437 (1953). 


Commission 
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parity even. 


Il. SOURCES 


The Hf used was 20 mg of separated Hf'" obtained 
from the Isotopes Division, Oak Ridge, Tennessee, in 
the form of HfO.. The analysis showed Hf', 7.85 
percent; Hf'’*, 16.70 percent; Hf*’’, 27.29 percent; 
Hf'78, 24.07 percent; Hf'”, 8.24 percent; Hf'™, 15.84 
percent, with impurities of a few hundredths of a per- 
cent of Cu, Mg, Na, and Si. 

The sample was irradiated for one month in the Oak 
Ridge reactor during January 1953. No chemical puri- 
fication was carried out with the result that certain weak 
impurity effects were encountered in the spectra. The 
material was dissolved in HF and a drop was placed ona 
tight 20-mil tungsten-wire coil in the evaporation appa- 
ratus previously described.* The wire was heated to a 
bright white heat for about 30 minutes. This operation 
was carried out three times. The resulting source was 
about 8 mm in diameter on a 120-ug/cm? aluminum foil 
and had a thickness of less than 50 ug/cm*. This source 
was used for the electron spectrum in the magnetic 
spectrometer. 

The remainder of the activity was enclosed in an Al 
capsule ;; in. in diameter with 0.0158 in. of Al covering 
the active material as an electron absorber. This source 
was much stronger than the other and was used for the 
photoelectron spectrum of Hf'’®. The converters were 
stuck on the end of the capsule with a small amount of 
very dilute cement. 


Ill. ELECTRON SPECTRUM OF Hf" 


The electron spectrum of the thin source of Hf'’® was 
run completely with the magnetic-lens spectrometer*® 
with a window of 26 ug cm™ from 10 to 500 kev in 
June, 1953 and again in September, 1953. The average 
interval between the spectra was 105 days. Certain 
peaks were run again in April, 1954, about 180 days after 
the September run. By comparison it was possible to 
identify and subtract off the continuous beta-ray 
spectrum of the weak Hf'* impurity. The remainder of 
the electron spectrum as of September, 1953 is shown in 
Fig. 1. The identification of the various lines shown in 


ie Broy les, Thomas, and Haynes, Phys. Rev. 89, 715 (1953). 
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transition, it is 2+0.5; and for the 89.1-kev transition, 
ax/az is 6.0+1 and az/ay is 3.5+0.9. 
The first of these ratios is about the same as that which 
. Burson and Rutledge® and Bashilov’ give for ax/ar. 
Although the difference is not great, we feel that it is 
greater than our experimental error. We estimate that 
our value of ax/az, is consistent with a value of about 
6 for ax/az. 
The value of ax/az,™ for the 228.4-kev transition is 
| in excellent agreement with Burson and Rutledge but 
the ax/a, ratio for the 89.1-kev transition is double their 
1 
| 








tis F Kn value and triple the value of Bashilov ef al.’ Both be- 
Sf" ate ta ty L/ \Kes cause Burson’s value was obtained photographically 
» * 0 2 “4 over an energy range of 3 to 1 and because most of our 


errors would tend to make our value too small, we shall 
assume that the ax/az ratio of 6 is substantially correct. 





Fic. 1. Electron spectrum of Hf'”* after subtraction of the 
continuous beta-ray spectrum of the Hf impurity. 


IV. PHOTOELECTRON SPECTRUM OF Hf!" 
the figure together with their relative intensities is given 
on the left-hand side of Table I. 

All of the peaks assigned to Lu'” had a half-life of 70 
days within experimental error except the Auger peaks. 
The peaks assigned to Hf'™ had a half-life which agreed 
with Hf" within experimental error. Two small un- 
identified peaks were also found. The one at p=0.8 did 
not appear in the June data. Further evidence of impuri- 
ties was the failure of the Auger peaks to decay with the 
proper half-life. Between June and September these 


The spectrum of the strong source enclosed in an 
aluminum capsule was observed five times during the 
summer of 1953 in the following order; no converter, 
1.53-mg cm~ Au converter, no converter, 0.88-mg cm~? 
Au converter, no converter. The no converter runs 
combined with the other runs between photoelectron 
lines made it possible to determine the Compton 
electron intensity under the photoelectron peaks. The 
three no-converter runs also helped identify parts of the 
spectrum which did not have the 70-day half-life of 


peaks decayed too fast, while between September and 
April they decayed too slowly. This difficulty combined 
with the fact that the K-conversion line of the 113-kev 
gamma ray should be under the A, peak makes the 
error in Auger intensity considerably larger than the 
errors in the determination of the areas under the peaks 
which are shown in the table 

From the third column of the table, the following 
important ratios can be obtained. For the 342.3-kev 


Hf'”®. Figure 2 shows the spectrum obtained with the 
0.88-mg cm™* converter together with the Compton 
background under certain peaks. The 0.88 mg cm~? was 
preferable for analysis both because, occurring later, 
there was less short lived impurity and also because it 
was desirable to have a converter which was reasonably 
thin for L and M photoelectrons from the 89.1- and 
113-kev gamma rays. 

The interpretation of Fig. 2 and the relative gamma- 


transition ax/ar,w=4.94+0.5; for the 228.4-kev ray intensities are given on the right-hand side of 


Tape I. Magnetic spectrometer values for the electron and gamma-ray intensities 


Flectron spectrum Photoelectron spectrum ‘ s 
Energy of Energy of 
gamma ray Relative gamma ray Relative 
Peak ke intensit) Nuclide Peak kev intensity 
Ky 89.1 10.0+5°, Lu’ eee + 
1; Lu A—LL 6.264 10% Lu’’* Lra Lu Ke ‘ 
4 Lu K-LX 2.92% 10% Lu'** Lea.M xa Lu KeKg> 61.1 
i; Lu K-XY 0.61425% Lu'§ M xs Lu Kg 
Ky 133 . Ta™ os ae 
RK; 136 eee Ta’ eee eee 
Ly 89.1 1.67415% Lu'** Ly 2.83+20% 
Vi, 89.1 0.5425% Lu'’$ M; 
ke 133 i Ta™ ies 
ly 136 . Ta . 
owe bins Lu’"* K, 113.4 7 
.* . Lu'™* ls 113.4 0.464 30% 
Ky 228.4 0.184 25% Lu" eee 
ly 228.4 0.08834. 50%, Lu'’* 
Ke 318 0.14 100% Lu'* : eee 
Ky 342.3 8.542.5% Lu’ K; 342.3 vee 
Ly 342.3 1.72+10% Lu'”$ Ly 342.3 89. 8+8% 
Ky 430 0.07+50% Lu'”* . see 




















‘ 
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Table I. The relative intensities were obtained by 
dividing the L+M (or L) photoline areas by their 
photoelectric cross sections relative to that of the 342.3- 
kev gamma ray. These relative cross sections were 
assumed to be the same as the relative A photoelectron 
cross sections for the same binding energy. Thus we 
used the average of Heitler’s’ relative values for Al and 
Sn which agreed closely with each other and whose 
average K binding energy approximates the L binding 
energy of Au. 

The most surprising result of the photoelectron spec- 
trum is that the 113-kev gamma ray is so strong when it 
was completely undetectable in the conversion line 
spectrum. It seems clear that the conversion coefficient 
of this gamma ray is much smaller than that of the 
89.1-kev gamma ray. 


V. DISCUSSION AND DECAY SCHEME 
A. Relative Gamma-Ray and Electron Intensities 


In order to relate the relative electron and gamma-ray 
intensities, it is necessary to use either the known con- 
version coefficient of one of the gamma rays or the 
fluorescence yield of lutecium to relate the x-ray and 
Auger electron intensities. 

The only conversion coefficients available are for the 
342.3-kev line. McGowan" (0.095+0.015) and Kerr" 
(~0.118) have reported preliminary rough measure- 
ments. The experimental ax /a; ratios discussed in Sec. 
III, although not in agreement, seem to lie between 5 
and 6. When combined with the theoretical values of 
ax" and the various a," these values seem to indicate 
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Fic. 2. Photoelectron spectrum of Hf'"* from a 0.88-mg cm™* 
radiator. The photoelectron peaks arising from the K x-rays are 
reduced in ordinate by a factor of 10. 

*W. Heitler, Quantum Theory of Radiation (Oxford University 
Press, London, 1949), second edition, p. 124. 

“ F. K. McGowan (private communication). 

"RR. J. Kerr, Ph.D. thesis, Vanderbilt University, 1954 (un- 
published) 

® Rose, Goertzel, and Perry, Oak Ridge National Laboratory 
Report ORNL, 1023, 1951 (unpublished). 

"M. E. Rose (privately circulated values) 
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TaB.e II. Summary of data for transitions resulting 
from the decay of Hf'*. 


Total 
Transition iaheaity ax aq /ay aq /ay ag /ay 
; percent measured BPH* BR Be 
oor sett, agtht... Seal o.. 4 
113.4 ~1 <1 ~10 
228 ~1 2.0+0.54 ~2 
318 <1 
342.3 100 0.095+0.01S* 4.944054 49340.2 5.0 
430 ~1 


* BPH refers to the present paper 
> BR refers to references 5 and 6. 


© B refers to reference 7 
4 Indicates ag/a;,y ratio. 
© Reference 10 


a mixed M1, £2 transition with the proportion of M1 
being between 49 and 79 percent and the K-converstion 
coefficient between 0.079 and 0.104. It would seem 
that McGowan’s value is not far from the mean of these 
values and that his uncertainty represents pretty well 
the probable uncertainty of the mean of these values. 
In the following discussion McGowan’s value has been 
used. The intensity values in Table I have been nor- 
malized using this value to make the total intensity of 
the 342.3-key transition 100 percent. 

In principle, the electron and photoelectron intensities 
could also be related by means of the K x-ray photo- 
electrons and the K-Auger electrons, by use of the 
fluorescence yield for Lu which is calculated to be 
0.9326+0.003." In Table I, the total number of empty 
K shells produced per disintegration comes out 1.45 from 
the Auger intensity and 0.650 from the x-ray intensity. 
Even with allowance for the uncertainty of the conversion 
coefficient of the Auger intensity, and the fluorescence 
yield, it is evident that the x-ray value is too low by a 
factor of about two. This discrepancy is probably due 
to the fact that the 0.88-mg cm™ converter is not really 
thin for the 40- to 50-kev photoelectrons. Thus a sub- 
stantial percentage of the photoelectrous produced are 
scattered out of the acceptance cone of the spectrometer 
by the converter. Another phenomenon which may 
contribute to this discrepancy is the change with energy 
of the mean angle of emission of the photoelectrons." 
These phenomena undoubtedly occur to a lesser extent 
for the 76-, 86-, and 100-kev photoelectron peaks of the 
89.1- and 113-kev gamma rays. Hence the intensities 
of these gamma rays given in Table II should be con- 
sidered as lower limits. The 89.1-kev gamma-ray inten- 
sity may be as much as 50 percent greater and the 
113-kev intensity as much as 25 percent greater than 
these given in the table. 

Taking into account these uncertainties in gamma-ray 
intensities and the limits of detection of the photoelec- 

4“ EF. H.S. Burhop, Colloque du Centre National de la Recherche 
Scientifique, “Le R6dle du Cortége Electronique dans les Phénom- 
énes Radioactifs,” June, 1954. These results are to appear in J. 
phys. et radium 


J. J. Murray, PhD thesis, California Institute of Technology, 
1954 (unpublished) 
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Fic. 3. Decay scheme of Hf'"*. All energies are in kev. The 
parentheses opposite the states indicate the values of (,/) where 
/ is the total spin of the state and @ is the component of the total 
spin along the axis of symmetry of the nucleus. The existence of 
capture disintegrations direct to the ground state of Lu'” is 
uncertain 





trons and conversion electrons which were not found, 
we get the total intensities and conversion coefficients 
given in Table II. This table also includes the pre- 
viously discussed conversion ratios. 


B. Decay Scheme 


A proposed decay scheme for Hf’ is shown in Fig. 
3, The measured spin of the ground state of Lu'’® is 
7/2." Since the 342.3-kev transition is in part M1, 
the 342.3-kev state must have a spin of 5/2, 7/2, or 
9/2 with the same parity as the ground state. No 9/2 
single-particle state exists in the subshell containing 
the 71st proton. Therefore if the spin were 9/2 the 
342.3-kev state would have to be interpreted as a 
rotational excited state."* It is the 113.4-kev state, how- 
ever, which is produced by Coulomb excitation” and to 
which the spin of 9/2 should be assigned.'* Hence, 9/2 
is eliminated as a possible value of the spin of the 342.3- 
kev state. 

Our value for the ratio ax/a, for the 89.1-kev transi 
tion clearly indicates that it is also predominantly M1 
by comparison with the curves of Goldhaber and 
Sunyar.” The conversion coefficient is also consistent 
with this interpretation. We estimate by extrapolating 
the curves of Rose ef al."* from 150 kev to 89.1 kev that 
the theoretical K-conversion coefficient is between 4 
and 5 for a pure M1 transition as compared with our 
value of 3.5 in Table II. The spin of the 431-kev state 
must therefore be 3/2, 5/2, 7/2, or 9/2. 

The rotational aspects of this decay scheme were suggested to 
us by B. R. Mottelson in a private communication 

" H. Schuler and T. Schmidt, Naturwiss. 22, 714 (1934 

“A Bohr, thesis, Institute for Theoretical Physics of the 
University of Copenhagen, Rotational States of Alomic Nuclei 
(Ejnar Munksgaards Forlag, Copenhagen, 1954 

® N. P. Heydenburg and G. M. Temmer, Phys. Rev. 94, 1399 


(1954) 
® R. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951 


PERKINS, 


AND HAYNES 

A spin of 3/2 is excluded™ because the 318-kev transi- 
tion would have a spin change of 3 and would be 
unobservable. A spin of 5/2 is excluded because the 431- 
kev gamma ray would be more intense than the 89.1- 
kev gamma ray. Spins of 7/2 for both the 342.3- and 
the 431-kev states are excluded by the same reasoning 
applied to both the 431- and the 318-kev gamma rays. 
A spin of 9/2 is excluded for the same reason as for the 
342.3-kev state. 

If the spin of the 342.3-kev state is 5/2, the 431-kev 
state can have a spin of 7/2 as the first rotational level 
(Q=5/2, [=7/2)"* of the 342.3-kev state. The 89.1- 
kev transition, being rotational, will have a much 
higher intensity'* than the higher-energy 431- and 318- 
kev single-particle transitions of similar multipolarity. 
Asa check on this interpretation, the energy of the tran- 
sition between these two rotational states can be com- 
puted on the assumption that the effective moment of 
inertia of the nucleus is the same in the 342.3-kev state 
as in the ground state. The computed energy is 113.4 
kev (28/36)=88.2 kev as compared with the experi- 
mental value of 89.1 kev. 

The above assignment of spins makes the 228-kev 
radiation virtually pure E2 (M3 and E4 radiation being 
neglected). The experimental ratio ax/azi;4=2.0+0.5 
is good agreement with the empirical curve of Gold- 
haber and Sunyar” for E2 radiation. The intensity of the 
K-conversion line of the 228-kev radiation is also about 
what would be expected for an £2 transition if about 20 
percent of the 342.3-kev transitions are assumed to be 
E2 as indicated by our value of ax for the latter. The 
113.4-, 318- and 431-kev transitions are probably all 
mixtures of M1 and £2 radiation but there is little 
experimental evidence. Burson and Rutledge’s® value 
of 10 for ax/az for the 113.4-kev transition suggests 
that it may be predominantly M1. 

Inaccuracies in the Auger peaks as well as in the 
conversion coefficients make any estimate of the inten- 
sity of capture transitions direct to the ground state 
of little value. It is probable that the spin of the ground 
state of Hf'”® is 5/2 in order to have many transitions 
to states of spin 5/2 and 7/2 but virtually none to the 
113/kev state of spin 9/2. A spin of 3/2 for Hf'”® can- 
not be excluded however. 
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Gamma Rays of Tellurium-131 and Tellurium-129 


C. A. MAtimMann, A. H. W. ATEN, Jr.,* D. R. Bes, anp Ciara M. pe McMILLAN 
Comision Nacional de la Energia Alémica, Buenos Aires, Argentina 
(Received February 28, 1955) 


The y rays of Te and Te™ have been investigated by means of a crystal spectrometer. 





EXPERIMENTAL 


HE y rays of Te’ and Te’ were studied in the 

laboratory for nuclear spectroscopy of this Insti- 

tute by means of a crystal spectrometer equipped with 

a sliding channel. Energy and efficiency calibrations 

were performed by means of Hg®*, Cs'*”, Na®, and Y™, 
and only photopeaks were used. 

Most of the samples were prepared by irradiation of 
sodium tellurite with 26-Mev deuterons in the synchro- 
cyclotron of this Institute. After iodine had been ex- 
tracted twice, tellurium was precipitated in the presence 
of suitable hold-back carriers, and purified by a scaveng- 
ing precipitation of ferric hydroxide and a second 
tellurium precipitation. In some cases Te’ was ob- 
tained free from Te'* via an antimony fraction sepa- 
rated by hydride formation from uranium oxide irradi- 
ated with deuterons. (These separations were performed 
in the Radiochemistry Laboratories.) 


TELLURIUM-131 


In the 25-minute period of Te'* the following y 
energies were found: 145+10 kev (100), 450+10 kev 
(24), 595+15 kev (about 6), 950+-15 kev (about 4) 
and 1140+20 kev (about 8). The figures given in 
parentheses indicate relative intensities, the last three 
are only rough approximations. Measurements of the 
total y energy by means of a Geiger counter with known 
¥ sensitivity indicate that about one y ray of 145 kev 
occurs per 8 decay, and therefore the intensity ratios 
also give a rough value of the numbers of each y ray 
per 8 process. 

In the 30-hour period of Te’ the energies observed 
were: 145+10 kev, 770+20 kev, and 1140+20 kev. 
The intensity of the 770 kev is at least about as high 
as that of the 145 kev, and the 1140 kev is much stronger 
here relative to the 145-kev line than it is in the 25- 
minutes isomer. Because of the complex nature of the 
spectrum it was not possible to observe the 450-kev 
and the 595-kev y rays here with certainty. 

It should be mentioned that our results seem to be 
in agreement with the experiments of Geiger' if it is 


* On leave of absence from the Instituut voor Kernphysisch 
Onderzoek, Amsterdam. Sincere thanks are due the Director 
of the Comisién Nacional de la Energia Atémica for a generous 
invitation which made possible this collaboration. 

1K. Geiger, Z. Naturforsch. 7a, 579 (1952) 


realized that the y rays of higher energy cannot be 
recognized separately in absorption measurements. 

It seems to be evident that the 145-kev transition 
goes to the ground state. It is tempting to assume that 
the 440-kev transition goes to the 145-kev level and 
that the 595-kev line represents the crossover of these 
two lines. From the difference in the intensity ratios in 
the 25-minute period and the 30-hours period, we may 
conclude that the 1140-kev y ray and the 950-kev y ray 
do not come from the same level. The main fraction of 
the 25-minute isomer seems to go to the 145-kev level. 

In the decay of the 30-hour isomer the principal 
feature is the high intensity of the 770-kev y ray, a line 
which we did not observe in the 25-minute period. Its 
occurrence is explained most easily by assuming a 
direct 8 decay of the metastable state of Te’ with a 
frequency comparable to that of the isomeric transition. 
Goldhaber and Hill* have given arguments for the 
possibility of such a direct 8 transition on the basis of 
the yield of the chemical separation of the two isomers. 
A very important fraction if not the main part of the 
direct 8 decay of the 30-hour isomer is followed by the 
770 kev ¥ ray, a smaller fraction by the 1140-kev y¥ ray. 


TELLURIUM-129 


By far the larger part of the 8 decay of the 72-minute 
period of Te'® goes to the ground state, unless there 
should be a low-lying level in I' with an energy below 
about 70 kev. A ¥ line of 435+ 20 kev occurs in about 
9 percent of the @ transitions, and a y line of 1080+40 
kev in about 0.7 percent. 
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The alpha-particle spectrum in the successive beta-alpha decay of Li* was observed with magnetic 
analysis from 1 to 6.5 Mev, corresponding to excitation energies in Be*.from 2 to 13 Mev. The only definite 
structure in the spectrum corresponds to the well-known broad state at 2.9 Mev. 


T° the many reactions in which the unstable Be* 
nucleus is produced by the emission of a heavy 
particle, the large recoil momentum imparted to the 
Be* nucleus seriously alters the observed alpha-particle 
spectrum in the Be*(a)a disintegration.’ In the beta 
decay of Li*, however, the alpha spectrum can be 
studied without excessive distortion. In addition, since 
the half-life of the Li® nucleus is 0.85 sec,' it is possible 
to produce Li* nuclei and then observe the Li*(3) Be*(a)a 
decay without interference from competing reactions or 
modes of decay. 

Previous investigations of the alpha spectrum,? em- 
ploying range analysis, have been conducted in two 
ways. In one, a study is made of the spectrum of one 
of the decay alpha particles emitted from a target in 
which Li® nuclei are embedded ; in the other, the ranges 
of both alpha particles are measured in a cloud chamber 
or emulsion. The former method is subject to the 
intrinsic loss of resolution discussed below, while with 
the latter technique the task of obtaining good statistics 
is formidable. Because of the current interest in the 
existence of states of Be* above 3 Mev, we have ex- 
amined the “single alpha” spectrum in some detail with 
good instrumental resolution. The loss of resolution 
inherent in the method of producing the alpha particles 
is less serious in the high-energy region of the spectrum. 

Taswe I. Effect of target and center-of-mass motion on the 


energy and resolution in the alpha spectrum. 


Recoil Target Total 
Ee broadening Av loss Broadening* broadening 
Mev Mev Mev Mev Mev 
1.5 +0.07 0.23 +011 +0.18 
35 +-0.07 0.14 +0.05 +0.12 
6.0 +0.05 0.09 +0.03 +0.08 
* This calculation takes into account the shape of the “line” already 


produced by the recoil effect, and gives the additional broadening intro- 
duced by the target 





t Supported in part by the U. S. Atomic Energy Commission 

* Now at Knolls Atomic Power Laboratory, Schenectady, New 
York. 

' For a summary of these reactions, see F. Ajzenberg and T. 
Lauritsen, Revs. Modern Phys. 24, 321 (1952 

2 W. A. Fowler and C. C. Lauritsen, Phys. Rev. 51, 1103 (1937); 
Rumbaugh, Roberts, and Hafstad, Phys. Rev. 51, 1106 (1937), 
Phys. Rev. 54, 657 (1938); C. L. Smith and W. Y. Chang, Proc 
Roy. Soc. (London) A166, 415 (1938); Bonner, Evans, Malich, 
and Risser, Phys. Rev. 73, 885 (1948); C. W. Li and W. Whaling, 
Phys. Rev. 81, 661 (1951) (this investigation employs magnetic 
analysis); Frye, Armstrong, and Rosen, Phys. Rev. 98, 241(A 
(1955); F. C. Gilbert, Phys. Rev. 93, 499 (1954) 
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The analysis is based on the observation of some 
7X 10* particles. 

A convenient method of preparing Li® nuclei is with 
the Li’ (d,p)Li* reaction. Thin targets of natural lithium, 
deposited on nickel foils, were bombarded with a beam 
of deuterons of 0.68-Mev energy. At this energy the Li® 
nuclei are emitted at forward angles between 0° and 32° 
in the laboratory system. As the Li*® nuclei come to 
rest at various depths in the target, set at 45°, the 
emitted alpha particles are degraded in energy by 
various amounts with a resulting loss of resolution. By 
assuming an isotropic emission of Li* nuclei® (in the 
center-of-mass system) and extrapolating a range- 
energy curve for Li® particles‘ to low energies, the 
average loss in energy and the effective broadening 
were computed for various alpha energies, with the 
results given in Table I. 

The distortion of the spectrum arising from the dis- 
integration in flight of the Be* nuclei may also be de- 
scribed in terms of an effective broadening or loss of 
resolution. For an isotropic beta-neutrino correla- 
tion? and an isotropic beta-alpha correlation,’ the 
values in Table I are obtained. 

The “prompt” radiations from the Li+d reactions 
were excluded from observation by means of a rotating 
shutter, designed so as to expose the target periodically 
to the beam, and in opposite phase the target to the 
alpha detector. The period of rotation was 2 sec. The 
delayed alpha particles were observed at 90° to the 
deuteron beam. 

The spectrum was studied with a magnetic analyzer 
which has been used previously. With recording in 
nuclear emulsions, no attempt was made to detect 
alpha particles much below 1.0 Mev. Four exposures 
were made covering the following energy intervals: 
0.9-2.0, 1.1-2.3, 2.0-4.1, and 3.1-6.4 Mev. The energies 
were obtained from the known calibration of the instru- 
ment. The chief uncertainty in the actual energy scale 
of the alpha spectrum arises from the loss is energy in 
the target (Table I). In reading the plates in the micro- 
scope, the distribution in track length was measured 


* The results of the computation are not very sensitive to this 
assumption 

« Neuendorffer, Inglis, and Hanna, Phys. Rev. 82, 75 (1951); 
W. H. Barkas, Phys. Rev. 89, 1019 (1953). 

* Hanna, LaVier, and Class, Phys. Rev. 95, 110 (1954). 

*D. R. Inglis, Phys. Rev. 78, 104 (1950); R. W. Gelinas and 
S. S. Hanna, Phys. Rev. 89, 483 (1953). 














a SPECTRUM 


at various positions on the plates. Throughout the 
spectrum, a well-defined peak in the track length dis- 
tribution was obtained with negligible background. 

Each exposure was corrected for the variation with 
particle momentum of the solid angle of the spectro- 
graph. The observed a** yield was converted to the 
total a++a‘** yield, using data from the literature.’ 
This correction is small and is applicable only in the 
low-energy region. Since the exposures were not all 
made with the same target, and because of uncertainties 
in the monitoring introduced by the pulsing arrange- 
ment, no attempt was made to obtain absolute normal- 
izations. Instead, the spectra were joined together by 
matching intensities in the regions of overlap. Finally, 
the complete momentum spectrum was converted to an 
energy spectrum. 

The spectrum is shown in Fig. 1. The peak corre- 
sponding to the familiar 2.9-Mev state in Be* is promi- 
nently displayed, but shifted to lower energy because 
of the average energy loss in the target (Table I). 
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Fic. 1. Alpha spectrum from Li*(8)Be*(a)He*t. The vertical 
intensity scale is arbitrary. The numbers given indicate approxi- 
mately the actual number of particles counted for the points below 
3 Mev. Above 3 Mev the actual count is about twice that indi- 
cated by the numbers. 


Other structure is not apparent in the spectrum. Con- 
sidering the resolution as given in Table I and the 
statistical uncertainty in the data, it is estimated that 
a fairly sharp group in the vicinity of E.=2.0, 4.0, or 
6.0 Mev would have been detected if its intensity was 
greater than 2.5, 1.0, or 0.5 percent, respectively, of the 
total observed intensity which can be attributed prin- 
cipally to the 2.9-Mev state. Very broad states would, 
of course, be more difficult to observe. 

In order to compare the present results with earlier 
measurements, the various spectra are plotted on a 
logarithmic scale in Fig. 2. Wherever necessary, the 


“4 G. H. Briggs, Proc. Roy. Soc. (London) 114, 431 (1927). 
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Fic. 2. Logarithmic plot of the curves of various authors 
B= Bonner ef al. FH= present authors. F = Fowler and Lauritsen 
S=Smith and Chang. R= Rumbaugh, Roberts, and Hafstad 
The vertical displacement of the curves is of course arbitrary 


earlier data have been converted from a range to an 
energy spectrum, and the energy scale has been ad- 
justed to compensate for an estimated average target 
loss. The agreement among the various curves is 
generally good. The discrepancies which appear, for 
the most part, can be traced to the different techniques 
employed. In the region of 4.5 Mev in the present data, 
there is perhaps an indication of very broad structure, 
but not as much as in the curve of Bonner et al. 

In this experiment one does not expect to observe 
all states in Be*. In detecting the alpha-particle decay, 
only states of even spin and even parity will be ex- 
hibited. In addition, there are limitations imposed by 
the well-established selection rules of beta decay. For 
example, the beta transition to the ground state of Be* 
is not detected,* which suggests a difference in spin 
between this state and the one at 2.9 Mev. One might 
reasonably expect, however, to detect states in Be’ 
having the same spin and parity as the 2.9-Mev state. 

We are greatly indebted to Mr. James Lambert for 
assistance in reading the plates. 


*W. F. Hornyak and T. Lauritsen, Phys. Rev. 77, 160 (1950). 
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The parameters of nuclear energy levels at excitation energy just above neutron binding have been 
studied for about 20 heavy nuclides. Total cross sections for neutrons of energy 0 to 700 ev were made 
utilizing the Brookhaven fast chopper and the transmissions were analyzed to obtain the resonance parame- 
ters. The reduced neutron widths, I',°, show a wide variation among the resonances in single nuclides relative 
to radiation widths, [',. Within experimental error, the size distribution of the reduced neutron widths is 
exponential, the most probable width being zero. The experimental level spacings, D, exhibit discontinuities 
at closed shells, an effect that remains after correction of the spacings for differences in excitation energy. The 


ratio 


.°/D, of particular significance to the “cloudy crystal ball” nuclear model, has a maximum about 


A = 160, as expected from theory, but of a much smaller magnitude than the computed peak. 


L INTRODUCTION 


HE Brookhaven fast chopper has already been 

described as well as its initial use in measurement 
of parameters of neutron resonances in the neutron 
energy range 2-200 ev.' In these measurements the 
total cross section alone, obtained from sample trans- 
mission, was treated with no attempt to determine 
directly the partial cross sections, usually consisting of 
capture and scattering. The concentration on total cross 
sections was a result primarily of the nature of the fast 
chopper, in particular its small sample size and large 
detector area, which makes it particularly suitable for 
total cross section measurement by transmission. 

Although the limitation to total cross section alone 
seems at first sight to neglect important parameters of 
levels, such as the partial widths I’, and I’,, it has re- 
sulted that most of the level parameters can be obtained 
rapidly and with sufficient accuracy for comparison 
with theory by total cross section measurements alone. 
The analysis of the experimental data that makes 
possible the attainment of most of the level parameters 
is presented in Sec. II. It is indeed fortunate that so 
much information can be obtained from total cross 
sections because direct measurements of the partial 
cross sections, scattering’ and capture,’ are extremely 
difficult to perform and to interpret. 

Because of these advantages, a vigorous program for 
measurement of total cross sections has been carried on 
for the past year, with the result that some 300 reso- 
nances have been studied during this period. The level 
parameters obtained represent a great increase in the 
available data for comparison with predictions of 


* Work carried out under contract with U. S. Atomic Energy 
Commission. 

' Seidl, Hughes, Palevsky, Levin, Kato, and Sj ‘strand, Phys 
Rev. 95, 476 (1954) 

J, Tittman and C. Sheer, Phys. Rev. 83, 746 (1951); H. L 
Foote, Jr., Phys. Rev. 94, 790 (1954) ;'R. E. Wood, Phys. Rev. 95, 
644 (1954) 

2 Albert, Yeater, and Gaerttner, Phys. Rev. 95, 644 (1954); 
Gaerttner, Yeater, and Albert, Knolls Atomic Power Laboratory 
Report KAPL-1084, March, 1954 (unpublished); E. Meservey, 
Phys. Rev. 96, 1006 (1954) 
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nuclear structure theory‘ relating to level widths and 
spacings. In addition, the measured parameters exhibit 
trends that have not been discussed theoretically, for 
example the “exponential I’,° distribution” presented in 
Sec. IV A; these results constitute the raw material for 
further theoretical development. In the present report 
the discussion will be devoted primarily to level spacings 
D, and neutron widths I’,, because of the relevance to 
nuclear models of current interest.>.* During the period 
under discussion a large number of radiation widths I’, 
have also been measured ; a summary of the earliest of 
these has already been published’ and a more complete 
description will appear later.* In addition, a brief report® 
has been made on the ratio of neutron widths to level 
spacings, of special applicability to the “cloudy crystal 
ball” model.® 

The information that was available in the past on 
level spacing obtained from neutron resonance data was 
very fragmentary and uncertain. In the present work it 
has been possible to measure enough resonances in a 
given energy interval in such a way that essentially all 
levels are located. In this way an unambiguous determi- 
nation of the average level spacing" for the two possible 
spin states that can be formed by slow neutrons is made. 
The level spacings thus obtained are valuable for com- 
parison with the predictions of various nuclear models 
because they are the spacings at neutron binding energy, 
hence about 7-Mev excitation, an energy at which the 
spacings were not well known previously. At the be- 
ginning of this work very little was known and nothing 
predicted by theory concerning the variation in neutron 
width from level to level, hence it was obviously de- 
sirable to measure individual I’,’s for a number of levels. 


‘J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952) 

* Feshbach, Porter, and Weisskopf, Phys. Rev. 96, 448 (1954). 

*A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. 
Selskab, Mat.-fys. Medd 27, 159 (1953). 

’D. J. Hughes and J. A. Harvey, Nature 173, 942 (1954). 

* J. S. Levin (to be published). 

* Carter, Harvey, Hughes, and Pilcher, Phys. Rev. 96, 113 
(1954). 

” The symbol D is used through this paper to represent the level 
spacing for a single spin state. 
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Furthermore, the ratio of neutron width to level spacing 
was of obvious interest because predictions for this ratio 
did exist for the strongly absorbing or “black” nucleus 
and the partially transparent or “cloudy crystal ball” 
nuclear model. It is interesting that for both T, and D 
large variations have been found, variations unexpected 
from current theory. 


Il. ANALYSIS OF DATA 


The neutron resonance data are recorded in terms of 
sample transmission 7, and the purpose of the analysis 
is to obtain all possible information about the level 
parameters from 7 as a function of neutron time-of- 
flight. Even though the transmission is a direct measure 
of the total cross section alone, the analysis gives much 
additional information concerning the parameters of the 
levels that appear as resonances in the tota} cross 
section. The partial cross sections for scattering and 
absorption that make up the total cross section (as- 
suming no @ or proton emission or fission) are given in 
terms of the level parameters by the Breit-Wigner 
single-level formula: 

r,/2 R}? 
o,= 4rko'g |— +—)| +4r(1—g)R’, (1) 
E—EotiT 2 Ao} 


rT, 


and 


Eo i ; 
E/ (E-£,)*+(r/2) 


g~if 


where 


} (3) 
2[+1 


In these equations E is the energy of the neutron, 2%Ao 
is the wavelength of a neutron with energy Eo, the 
energy at resonance, and I’,, I',, and T are the neutron, 
radiation, and total widths of the level. In practice the 
effect of levels other than that being analyzed, neg- 
lected in these equations, is often important but their 
effect can be subtracted by means described by Seidl 
et al.,! which will not be repeated here. 

If the statistical factor g is known, the total cross 
section measurement alone gives the parameters of the 
level, ', and I’, (again assuming that other widths are 
negligible). This procedure is possible because the width 
of the cross section resonance at half-maximum is just T 
and the peak height o» of the total cross section is given 
by 

o> 4k’, EB (4) 


For a level at low neutron energy, where the instru- 
mental resolution is very good, the procedure is rela- 
tively uncomplicated. In this region the measured peak 
height of the cross section resonance together with its 
width give [, and I’, (if g is known) after calculated 
corrections are made for the Doppler broadening of the 
level, as described by Seidl ef al.’ 

If g is not known, as is usually the case, the method 
gives gl’, rather than I’,. Measutement of the partial 


cross sections ¢, or cy, which give I’,/T or T',/T, can be 
used to distinguish the correct choice of the two possible 
values of g in this case and thus all the parameters, 
including the spin of the compound state, J, are fixed. 
Use of the measurement of one of the partial cross 
sections (relative to the total) to fix g alone rather than 
to determine the other parameters is advisable because 
partial cross section measurements are inherently more 
complicated and difficult than transmission measure- 
ments. 

As the partial cross-section measurements have been 
made for an exceedingly small number of resonances, the 
total cross-section work can be considered in general to 
give primarily Il’ and gl’, in the good resolution region. 
The important quantity I’, can fortunately also be ob- 
tained rather well (from ',=I'—I’,) because the un- 
certainty of g does not produce a large error in T’,, as gl, 
is usually small compared to I’, 

For most of the measured I’,’s the experimental error 
is larger than the uncertainty arising from the two 
possible g values, even when this uncertainty is maxi- 
mum, for =}, in which case g=} or }. A typical ex- 
ample of the /=4 case is the 17.6-ev level in thulium, 
described in III A, with a T° of 63416 mv (milli- 
electron volts) and a I’, of 1.5 or 4.5 mv depending on g. 
Here the uncertainty in I’, arising from g (+1.5 my) is 
less than the experimental uncertainty in I’ in spite of 
the fact that the two possible values of g have the 
maximum spread in this case. For other initial target 
spins the g uncertainty is less than it is for /=4, and 
there is no uncertainty for a zero-spin target nucleus, for 
which g=1. In contrast to T', values, the I’,,’s resulting 
from the measured gl’,’s contain an uncertainty that isa 
maximum of +50 percent for /=4. However, the ob- 
served great range of measured I',’s implies that the 
uncertainty arising from g is not a serious handicap at 
the present stage of neutron spectroscopy. 

Thus far we have considered only the case of good 
resolution, where results obtained with a single sample, 
usually thin, give all the needed information. For 
neutron energies somewhat higher than the good resolu- 
tion region, however, the true shape of a resonance is 
greatly distorted by the resolution function and the 
analysis becomes extremely complicated. Nevertheless 
it is still possible, by measurement of both thin and 
thick samples, to obtain T' and gI’,. The complication of 
the analysis is caused principally by the distorting effect 
of the Doppler broadening of the resonance and the 
change in the observed resonance shape with sample 
thickness. For the present work the method of analysis 
used in the poor resolution region is the same in principle 
as that described by Seidl e al., but contains a few 
improvements. These improvements result in a great 
saving of time in the complicated analysis, which in- 
volves the areas of dips in transmission curves for two 
sample thicknesses and the Doppler broadening. This 
information is used to obtain a» and I’, the principle 
being illustrated by Fig. 1, and gl’, and I, are then 
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Fic. 1. Curves relating the measured area of transmission dips, 
A (ev), sample thickness » (atoms/cm*), and Doppler broadening 
4 (ev) to the resonance parameters I’ and o» (peak height). The 
principle of the method of resonance analysis is that values of A, n, 
and A for two sample thicknesses are consistent with only a 
particular location on a single curve, and this location determines 
I’ and a». (See reference 1.) Because the desired parameters appear 
combined with the measured quantities, the method involves 
successive approximations 


calculated as already described for the good resolution 
case. 

It is fortunate that the results obtained are still 
valuable when, for experimental reasons, two sample 
thicknesses cannot be used. In general, at high energy 
only a thick sample can be used because a thin sample 
would give a transmission too close to unity for accurate 
results. However there are cases even at high energy in 
which, because of overlapping of resonances, only a thin- 
sample result is obtained. If a thin-sample result alone is 
available the quantity ool" is obtained, which quantity 
gives gl’, for the resonance directly with no knowledge 
of I’ necessary, as is seen from Eq. (4). For a thick- 
sample run alone, on the other hand, one obtains oo”, 
that is, gI’,I", and from this combination gl’, is obtained 
only if I, is assumed. For cases in which a single 
thickness is available in the intermediate thickness 
range, a dependence of the resulting gl’, on the assumed 
I’, is present but weaker than for the thick sample. 
Because the main objective in the present work is the 
measurement of neutron widths, the dependence of gl’, 
on the assumed I’, was studied for each level in order to 
estimate the error of the final neutron widths. 

The general procedure followed in determining gl’, 
was to measure both it and I’ when two sample thick- 
nesses could be used to give a reasonably accurate value 
of the latter. For resonances for which [ could be 
measured only with large error or where just one sample 
thickness could be used, I°, was taken to be the average 
of the measured values for other resonances in the same 
nuclide. The use of this “assumed” I’, in getting I’ and 
hence gl’, is fortunately not a source of great error be- 
cause of the fact that the radiation widths are relatively 
constant compared to the extremely wide range that 
was found in this work for the I’,’s. In addition, for 
many samples of intermediate thickness the error re- 
sulting from the I’, “assumed” is much less than the 
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experimental error because of the weak dependence of 
gl’, on I’,, as will be exemplified in the next section. 

For most of the elements investigated, a sufficiently 
large number of resonances was found so that some 
statistical information was obtained on the distribution 
of level parameters among the levels of single nuclides. 
It was possible to investigate the distribution of level 
spacings in a given nuclide as a function of neutron 
energy and to use this observed distribution to deter- 
mine at which energy a significant fraction of the levels 
was missed. The number of levels for some of the 
elements was sufficiently large so that the distribution 
law of the neutron widths, which would range over a 
factor as large as 100 for a given isotope, could be 
determined. Some general conclusions about this sta- 
tistical information will be given in Sec. IV after the 
measurements of individual elements are described in 
Sec. ILI. In connection with the description of measure- 
ments, the manner in which average neutron widths, 
spacings, and width-to-spacing ratios are determined 
will be discussed. 


Ill. MEASUREMENTS 


The fast chopper, neutron detectors, and timing 
equipment have already been described in reference 1 
and were used in essentially the same form during the 
past year with the exception of a few improvements. 
The chopper is a rapidly rotating shutter that produces 
neutrons in bursts of about 1-ysec duration, from which 
individual neutron velocities are selected electronically 
by the flight time to detectors 20 meters distant. The 
rotor is now being used regularly at a speed of 10 000 
rpm compared to the 6000 rpm described in reference 1. 

Previously the principal contribution to timing un- 
certainty was the time involved in pulse collection in the 
2-in. diameter BF; neutron counters. A faster neutron 
counter has now been developed" and is in routine use. 
It consists of 128 counters, ? in. in diameter, in a com- 
mon BF; atmosphere and operating at the same high 
voltage. The spread in pulse collection time for this 
multiple BF; counter is about 0.5 usec (full width at 
half-maximum), and this time does not constitute a 
serious contribution to the final resolution function. As 
the neutron flight path in the multiple BF; counter is 
34 in., the corresponding flight time becomes serious for 
neutrons below 20 ev for at this energy the flight time in 
the counter is 1.4 usec. The flight time in the counter is 
much smaller in a scintillation-type detector that has 
been under development in the past year, but this 
detector is not in routine use as yet. 

At high energies, where the flight time in the counter 
is negligible, the resolution function (with the multiple 
BF; counter) has a full width at half-maximum of 
1.4 usec, giving a resolution of 0.07 usec/m at 20 meters. 
This resolution represents an energy spread of 2.0 ev at 
100 ev and 22 ev at 500 ev. Under these conditions, the 


“ H. Palevsky (to be published). 
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Taste I. Levels in thulium (Tm) with resonance 


energies 
measured areas of transmission dips for sample thicknesses m (atoms/cm*) ; r is the ratio of the error in I’, arising from 
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ies (Eg) less than 160 ev. The neutron widths (I',) are obtained from the 


the uncertainty 


in I’, (taken as 70+20 mv for each resonance) to that arising from the area measurement. The statistical weight factor, g, is assumed 


to be 4; A is the Doppler broadening of the level. 











Es 4 (1/n) X10" Area (% error) 
(ev) (ev) (cm*/atom) (ev) 
3.92+0.03 0.047 1390 0.84 (9) 
14.4+0.1 0.095 1390 0.33 (7) 
90 1.17 (6) 
17.6+0.2 0.10 1390 0.21 (10) 
90 0.81 (5) 
29.1+0.3 0.14 90 0.22 (27) 
35.2+0.4 0.15 1390 0.33 (12) 
90 1.39 (7) 
38.1+0.5 0.16 90 0.27 (16) 
45.6+0.6 0.17 1390 0.19 (22) 
90 0.84 (9) 
51.6+0.7 0.18 1390 0.19 (25) 
90 0.90 (9) 
59.8+0.8 0.20 1390 0.38 (19) 
690 0.71 (12) 
90 1.11 (15) 
66.8+1.1 0.20 1390 0.85 (13) 
690 1.36 (9) 
90 3.9 (10) 
$4.4+1.5 0.23 690 0.36 (29) 
90 0.87 (16) 
96+2 0.24 690 1.04 (14) 
90 2.3 (9) 
104+2 0.25 90 0.43 (40) 
118+2 0.27 690 0.69 (22) 
90 1.38 (20) 
128+3 0.28 90 0.84 (25) 
139+3 0.29 90 1.6 (23) 
158+4 0.31 690 1.43 (15) 
90 2.9 (16) 


upper energy limit at which resonances can be resolved 
depends greatly on the element under study, for the 
level spacing differs greatly from element to element as 
we shall see in the next section. 

In describing the results of the measurements, we 
shall first consider thulium because the procedure applied 
to all the elements is here well illustrated without the 
complication of separated isotopes. Tin will be described 
next because the additional analysis necessary for sepa- 
rated isotopes can be made clear. The results of the 
remaining elements and isotopes can then be described 
briefly because of the similarity of the methods involved. 


A. Thulium 


Two grams of thulium oxide of 99.9 percent purity” 
were available for the transmission measurements. 
These measurements were made from 3 to 200 ev with 
the old bank of BF; counters and hence with a resolution 
poorer than now available. Three sample thicknesses 
were used, } in., jy in., and »y in., the thickest sample 


"8 Obtained from Dr. F. H. Spedding, Ames Laboratory, Iowa, 
who also supplied the Tb, Ho, and Lu samples. 


Reduced 
I. (% error) Weighted Tr. width I, 
(mv) r (mv) (mv) 
12 (30) 13 12+4 6+2 
5.7 (16) 0.7 5.70.8 1.5+0.2 
5.7 (29) 2.0 
3.4 (15) 0.3 3.2204 0.7640.10 
3.0 (25) 2.1 
0.37 (36) <0.1 0.3740.13 0.07 +0.02 
11.6 (20) 0.2 13:2 2.2+0.4 
16 (28) 1.3 
0.61 (20) 0.15 0.6140.12 0.10+0.02 
68 (27) <0.1 64+1.3 0.940.2 
§.9 (29) 0.7 
7.8 (30) <0.1 7.7416 1.1+0.2 
7.6 (29) 0.7 
22 = (27) 0.11 24+5 3.1+0.6 
30 (25) 0.3 
14 (42) 04 
80 (22) 0.25 100+ 15 1242 
105 (17) 0.3 
119 (18) 0.6 
14 (38) <0.1 1i+3 1.2+04 
9 (42) 0.2 
79 (26) 0.25 74411 7,641.1 
71 =(19) 0.7 
2.7 (54) <0.1 2.7414 0.26+0.14 
46 (33) <0.1 41412 3841.1 
32 (SO) 0.2 
10 (48) 0.12 10+5 0.9+0.4 
45 (60) 0.2 45+30 442 
180 (35) 0.12 160+40 1343 
130 (30) 0.2 


requiring only 0.75 g of sample in each of the two 
sample-holders because of the small cross-sectional area 
of the two neutron beams. The number of atoms/cm? 
for each of the samples is given in Table I. The error in 
the thickness of the thickest sample was about 4 percent 
and in the others about 6 percent. Runs were made 
sufficiently long to obtain about 2 percent statistical 
accuracy per point, one-psec timing channels being used 
above 20 ev, two-usec channels from 20-10 ev, and four- 
usec channels below 10 ev. It was not necessary to make 
long runs for the open beam because its shape was well 
known from earlier runs. The procedure for determining 
the background was discussed in reference 1. 
Transmission curves for thick and thin samples from 
30-80 ev are shown in Fig. 2 on a time-of-flight scale. 
The resolution inferred from the observed widths at 
half-maximum of the small transmission dips was 3.4 
usec or 0.17 usec/m. Between resonances the transmis- 
sion of the thick sample is 0.86+0.02, which value gives 
8+2 b for the potential scattering after correcting for 
the oxygen contribution. The areas of the transmission 
dips were measured with a planimeter on the curve of 
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Fic. 2. The transmission as a function of time of flight at 20 m 
for thin (1/n= 1390 cm*/atom, upper curve) and thick (1/n=90 
cm?/atom, lower curve) samples of Tm,O;. The dotted straight line 
is the base line from which the areas of the resonances are meas 
ured. The analysis of these data by the method sketched in Fig. 1 
is given in Table I 


Fig. 2, then normalized to unit transmission (i.e., di- 
vided by 0.86 for the resonances in the thick sample) 
and converted to ev. In the normalization, smal! cor- 
rections were made in the case of the 38.1- and 59.8-ev 
resonances because of the distorting effect of nearby 
large resonances. For each resonance, the area was 
measured over a limited energy interval, such that the 
wing correction (an area of nooI?/AE, where AE is the 
energy interval) varied between 2 percent and 10 per- 
cent. The statistical errors quoted in Table I for the 
areas were calculated from the statistical accuracy of 
the points and the error in obtaining the “base line” 
used for normalization. The time-of-flight scale was 
accurate to +1 ysec. 

For resonances where accurate data are available for 
both thick and thin samples, both I and ¢» can be ob- 
tained since the thick and thin samples give approxi- 
mately ol? and ool’. In this case T', can be obtained 
even though the value of g (} or } for thulium) is not 
known, as discussed in Sec. I. For an intermediate 
sample, the power of I obtained is between 1 and 2. For 
example, the 35.2-ev resonance gave ool ® = 59+ 10 for 
the thick sample, and ol *=310250 for the thin 
sample, by the technique illustrated in Fig. 1. From 
these numbers, I is obtained directly as 120+40 mv and 
hence I’, is 110+40 mv, with negligible error arising 
from the assumption that g=}. For the 14.4- and 17.6- 
ev resonances the I’’s were calculated to be 75422 mv 
and 63416 mv, respectively, giving ’,’s of 69422 mv 
and 60+16 mv, respectively. These three resonances 
thus give an average I’, of 70+12 mv for thulium. 


Although thick and thin samples were measured for 
most of the other resonances in thulium the accuracy 
was not sufficient to give values of I’, better than about 
50 percent. Since radiation widths are known to be 
almost constant from resonance to resonance in a par- 
ticular nuclide,’ a radiation width of 70+20 mv was 
used for all the thulium resonances to calculate 2gT ,," 
instead of I’,’s measured for particular resonances. 
Table I summarizes the results for thulium up to 160 ev, 
giving the pertinent experimental data used to obtain 
the neutron widths. The Doppler width A is calculated 
from the formula A=2(k7Egm/M)', with m/M the 
neutron-nucleus mass ratio, and kT expressed in ev. The 
error in 2gI’, is a result of the error in I',, taken as 
70+20 mv, and the error in A; the ratio of these 
contributions is given as r. For thin samples it can be 
seen that the error in 2gT’, arising from the uncertainty 
in I’, is unimportant. For example, for an r even as large 
as 0.3, the I, uncertainty increases the error in 2gT’, 
above that resulting from the area error by only 5 per- 
cent. The reduced neutron width 2gT’,° (reduced to 1 ev 
by division of 2g, by Eo!) has the same error as the 
neutron width, since the energy of the resonance is 
measured quite accurately. The value of oI for the 
3.92-ev resonance measured by Sailor ef a/.* together 
with a ', of 70420 mv give 14+4 mv for 2gT’,,, which 
agrees with the present measurement. 

In the energy range from 3-75 ev, 10 resonances were 
found compared to 6 in the range 75-150 ev. There are 
no resonances below 3 ev."* Above 75 ev it is quite 
apparent from the transmission curve that small levels 
may have been missed or that the transmission dips at 
the higher energies may not be single resonances. Below 
75 ev any resonance larger than } of the smallest ob- 
served would be sufficiently large for observation. 
Figure 3 illustrates the method of obtaining the level 
spacing D from the observed location of resonances in 
energy. The dropping away of the observed number of 
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Fic. 3. The number of levels observed in thulium as a function of 
neutron energy. The slope of the straight line gives an observed 
spacing of 7.5 ev. On the assumption that the level spacing is the 
same for both spin states, D equals 15 ev for each spin state. It is 
apparent from the dropping away of the number of levels from the 
straight line that levels have been missed above 75 ev. 


“ Written thus because 2¢ is unity on the assumption that g=4 
“ Sailor, Landon, and Foote, Phys. Rev. 96, 1014 (1954). 
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levels below the straight line indicates that some levels 
are missed above 75 ev. The slope of the straight line 
corresponds to a level spacing of 7.5 ev for resonances of 
the two possible spin states, /=/+4. Assuming that 
there are the same number of levels of spin 0 and 1 (J for 
Tm is $) a value for D of 15 ev for each spin state is 
obtained. 

The reduced neutron widths of the resonances vary 
over a wide range (greater than a factor of 100). The 
average value of 2¢I’,” for the first 10 resonances (up to 
75 ev) is 2.8+0.6 mv. In order to investigate the 
distribution of these ten reduced widths, the integral of 
the number of levels versus width is plotted in Fig. 4. It 
is seen that the integral distribution can be fitted by an 
exponential, implying that the differential distribution 
itself is exponential within experimental error. A com- 
plication in determining the distribution law arises be- 
cause of the two possible values of g. For example, if the 
level spacings of the two spin states in thulium are the 
same, then (Sec. IV C) it is expected that the average 
reduced neutron widths, [,°, of the two kinds of levels 
would be the same. The distribution of 2gT’,° would then 
actually contain two groups, of equal numbers of 
resonances and equal [,° but differing by a factor of 
three in 2gf,° (g=} or 3). The observed composite 
distribution would then depart from an exponential 
behavior simply because of lack of knowledge of g. 

Although the level spacing and the distribution law of 
the reduced neutron widths are obtained from the first 
10 resonances, 15 resonances can be used to obtain the 
...°/D ratio, whose significance is discussed in Sec. IV C. 
The greater usableenergy range for I’,°/ D results from the 
fact that this ratio (averaged over the two spin states) 
is simply the sum of gI’,” for all the resonances in a 
certain energy range divided by the range. Thus if small 
resonances are missed above 75 ev they have a very 
small effect on the sum, hence on [,°/D. Also, for thin 
samples, if a transmission dip is really a combination of 
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Fic. 4. The distribution of reduced neutron widths of the first 10 
levels in thulium. The number of resonances with widths exceeding 
a particular value is plotted against this value. The straight line 
represents an exponential distribution with an average 2gI’,® of 
2.8 mv, which is the arithmetic average of the 10 widths. The slight 
curvature may be caused by the 2 spin states as discussed in the 
text. 
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Fic. 5. The sum of the reduced neutron widths in thulium os 
energy. A value of 1.6 10™ for the [’,°/D ratio is obtained from 
the straight line 


two unresolved resonances, the value of gI’,° computed in 
the analysis is just the sum of the two individual gI’,,"’s. 
Figure 5 is a plot of the sum of reduced neutron widths 
vs energy. The slope of the straight line gives directly the 
ratio [’,°/D. In the energy range up to 75 ev the stepped 
curve deviates from the straight line more than it does 
in the D plot of Fig. 3 since the I’,s show large fluctua- 
tions. On the other hand, the data in Fig. 5 above 75 ev 
do not drop away from the straight line as much as the 
D plot for the reasons just given. The slope of the line in 
Fig. 5 corresponds to a value for [,°/D of (1.6+0.3) 


x10~. 
B. Tin 


The total cross section of tin was first measured from 
10-500 ev, using a thick sample (25.3 g/cm?) of metallic 
tin of 99.97 percent purity. The results showed many 
resonances above 35 ev. In order to identify the isotopes 
responsible for these resonances, samples (oxides) en- 
riched in the isotopes’® 112, 115, 116, 117, 118, 119, 120, 
and 122 were run from 35-500 ev, with no measurement 
being made on samples enriched in 114 and 124. These 
results will be discussed in three energy regions, below 
92, 92-210, and above 210 ev. 

Figure 6 shows the transmission of samples of normal 
tin and the enriched isotopes 117, 112, 116, and 119 in 
the energy range 92-210 ev. The normal and enriched 
117 sample runs were made with the new BF; detector 
and $-usec timing channels, hence with a resolution of 
0.07 wsec/m, and the enriched 112, 116, and 119 samples 
with the old BF; counters with 1- and 2-usec channels. 
Seven resonances were found in normal! tin at 96.5, 112, 
122, 125, 141, 149, and 197 ev. From the enriched 
isotope runs, the 122, 125, and 197-ev resonances were 
assigned to 117, the 96.5-ev resonance to 112, the 112 
and 149-ev resonances to 116, and the 149-ev resonance 
to 119. 

Thick samples of 118, 120, and 122 (~3 g/cm*) 
showed no resonances in the energy region of Fig. 6. 
“16 Enriched isotopes were obtained on loan from the Isotope 


Research and Production Division of the Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. 
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Fic. 6. The transmission as a function of neutron time of flight 
in the energy region 90 to 210 ev for samples of normal tin and 
enriched isotopes, illustrating the isotopic identification of reso- 
nances. The normal tin and 117 runs were made with a resolution 
of 0.07 wsec/m and the 112, 116, and 119 runs with a resolution of 
0.2 wsec/m. The 112-ev resonance, actually in the 116 isotope, 
appears in the curve for the 117 sample because it contains 
appreciable 116. The fact that the base line is sloping in the 117 
run is instrumental and does not introduce any error in the 
analysis of the resonances. The agreement between the parameters 
obtained from the normal run and the enriched isotope runs is 
obvious in Table Il, where the experimental data and analysis are 
presented 


Although an enriched 124 sample was not run, the thick 
normal sample contained 1.58 g/cm’ of 124 and any 
resonance in 124 would have been found. No 115 
resonances were found in the 115 sample in the same 
energy range but this sample was enriched only to 14.0 
percent in 115 (59.3 percent in 116) and only 0.5 g was 
available. It is possible that small resonances in 115 may 
have been missed, particularly near the large resonance 
in 116 at 112 ev. As the thick normal tin run contained 
0.158 g/cm? of 114 and the 115 sample contained only 
0.04 g/cm? of 114, it is possible that a small resonance 
may have been missed in 114. Thick- and thin-sample 
runs on the 112-ev resonance in 116 resulted in a I’, of 
110+ 40 mv. 

There are three resonances in normal tin below 92 ev. 
No curve is shown for these resonances, which are at 
39.4, 46.3, and 62.5 ev. From enriched isotope runs the 
39.4-ev resonance is in 117 and the 46.3-ev resonance is 
in 118. The 62.5-ev resonance appeared in the 122 
isotope run only, but the transmission dip was much too 
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small to be assigned to 122. The 122 sample contained 
3.07 percent 124, or 0.127 g/cm? of 124, and the ob- 
served dip for this sample thickness of 124 agrees with 
that calculated from the normal tin run on the assump- 
tion that the resonance is in 124. Thick and thin 
samples on the 39.4-ev resonance in 117 resulted ina I’, 
of 106+ 25 mv. Any resonance larger than 1/100 of the 
observed resonances in the energy range below 92 ev 
would have been found. 

In the energy range above 210 ev several of the ob- 
served transmission dips in the normal tin sample had 
contributions from more than one isotope. The trans- 
mission dip at 470 ev has contributions from 117 and 
119, the dip at 425 ev has contributions from 117 and 
120 and the 280-ev dip has contributions from 114 and 
112. The fact that these dips have contributions from 
two isotopes is obvious from the enriched isotope runs. 
A large resonance in 118 at 268 ev also showed up in the 
enriched 117 sample, which contained 14.38 percent 118. 
The resonance at 222 ev was assigned to 119. Two small 
resonances at 260 and 340 ev which are barely seen in 
the normal tin run are reasonable resonances in the 
enriched 117 run. A resonance at 290 ev was found in the 
enriched 115 run but was too small to be seen in the 
normal tin run. 

The pertinent data and the results of the analysis of 
the resonances are given in Table II in which a I’, of 
110+ 30 was used for each resonance. In addition to the 
columns explained for Table I, a column to indicate the 
sample (enriched isotope or normal) run is included. The 
agreement of the reduced neutron widths resulting from 
normal and enriched isotope runs is proof that the 
resonances have been correctly assigned to the various 
isotopes. 

The level spacing and the [,°/D ratio for the Sn"? 
isotope was obtained by the same procedure described 
for thulium. There are five resonances below 300 ev in 
Sn", which give a D of 120+ 30 ev for each spin state, a 
2ef,° of 1.2+0.4 mv, and a value of (0.10+0.04) x 10 
for the [',°/D ratio. The results for the three higher 
resonances are not sufficiently accurate to include in the 
analysis. From the two resonances in 119 below 300 ev, a 
D of 3004140 ev is obtained. Since small resonances in 
115 may have been missed, no value for D can be given 
for this isotope. For the even-even isotopes, only ap- 
proximate values for D can be obtained because of the 
small number of levels found. Thus for the isotopes 112, 
114, 116, 118, 120, 122, and 124, the spacings are 
150+80, ~300, 150+ 70, 200+ 100, ~500, > 500, ~200 
ev, respectively. The observed spacing is the spacing for 
a single spin state as only the spin } is possible for the 
compound nucleus. The f,°/D ratio averaged over all 
the even-even isotopes up to 300 ev can be obtained only 
with poor accuracy, giving (0.20+0.08) x 10~. 


C. Other Elements 


Molybdenum (Mo).—A thick sample (7.35 g/cm?) of 
metallic molybdenum of 99.9 percent purity was run 
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TABLE II. Levels in tin isotopes (Ey< 500 ev) based on measurements with normal] tin and samples enriched in the various isotopes. 
The g factor is assumed to be 4 for the odd, and unity for the even isotopes; I’, is taken as 110430 mv; » refers to the particular isotope; 
other symbols have the same significance as in Table I. 


ed 


Iso- Es (1/m) X10" = Area (% error ra (¢ 


tope (cm?*/atom) 


880 
800 


880 


1200 
4600 
79 
55.2 


(ev) Sample 
96.5+2.0 112 
Normal 
112 
Normal 
115 


116 
Normal 
Normal 
117 1990 
116 79 
Normal 55.2 
118 
Normal 


118 
Normal 
117 
120 


Sn" 


280+9 
280+9 


112+2 


See -hy SS we 


~a 


149+4 


— 
i) 


46.3+0.6 
29.8 


368+14 
33.2 

48 
425+18 3.9 
No resonances 


62.5+0.9 


71 


0.23 Normal 130 


122 
115 
117 
117 
Normal 
117 
Normal 
117 
Normal 
117 
Normal 
117 
117 
117 
117 
119 
Normal 


119 
Normal 


119 


290+ 10 
39.4+0.5 


0.50 
0.19 


1.6 


12233 


125+3 


197+6 
1.7 
259+8 
343413 
425+18 
460+ 20 
141-+3 


2.2 
3.3 
2.4 


1.6 
1.2 


222+7 


460+ 20 


2.6 


from 10 to 750 ev with a resolution of 0.07 yusec/m. 
Twelve resonances were found and at the higher energies 
smaller resonances may have been missed. Samples of 
MoO, enriched in 95, 96, and 97 obtained from Oak 
Ridge were run over the same range. The other isotopes 
were not available in sufficient quantity to make suitable 
identification of resonances at the higher energies. The 
procedure for identifying the resonances is similar to 
that used for tin. 

The data are summarized in Table III, based on a 
radiation width of 2602-80 mv. For the 45-ev and 71.5- 
ev resonances, measurements for various sample thick- 
nesses gave values for I',. The measurements on the 
45-ev resonance give = 392+50 mv, 2gi",=186+20 


Bow we wn win 


on 


a 
2% 


0.91 


10.7 
11.5 


1.35 
0.22 


1.07 
0.164 (10) 
0.87 


1.09 
1.43 


0.37 
0.47 


1.48 


0.87 


0.98 
1.25 


Reduced 
width f.*) 
(mv) 


Weighted I's 


(ev) mv) (mv) 


(8) 

(10) 
(40) 
(20) 
(30) 
(15) 
(8) 

(10) 
(12) 
(30) 
(20) 
(15) 
(18) 
(6) 

(9) 

(12) 
(25) 


95 (17) 85410 8.71.0 


71 (19) 
36 (48) 
420 (23) 
540 (34) 
(25) 
(19) 
(16) 
(17) 
(70) 
(34) 


(30) 
(50) 
(7) 

(11) 
(17) 


(40) 


36417 
450+90 


2.241.0 
2745 


58+6 5.50.6 


45414 0.37+0.11 


0.740.2 0.11+0.03 


420+30 22.0+1.3 


44+18 2.1+0.8 


(20) 
(20) 


(30) 
(6) 


(49) 
(23) 


(50) 


(24) 
(11) 
(34) 


(23) 
(52) 


(36) 


(65) 


(29) 
(61) 


(36) 
(30) 
(40) 
(60) 


(57) 
(48) 


24 (33) 
24 (33) 


200 (37) 


1242 1.5+0.3 


200+ 130 
5.4+0.5 


3.041.5 
0.86+0.09 


(12) 


(12) 
(20) 


(30) 
(50) 


(15) 
(25) 


(25) 
(30) 
(22) 
(25) 


(20) 
(20) 


(22) 
(18) 


(25) 


15+3 1.4+0.3 


2.84-0.8 0.252-0.08 


3549 2,540.6 


1244 
80+60 
190+ 80 
120+70 
30412 


0.8+0.3 
4+3 
94 
6+4 


52 2.5+1.0 


17 


24+6 1.6+0.4 


200+70 943 


mv, and hence I’, = 206+60 mv. The 71.5-ev resonance 
has '=344+80 mv, 2gI,=16+2 mv, and I',=330 
+80 mv. Concerning isotopic assignments, the 45, 71.5, 
133, 367, and 478-ev resonances are in the isotopes 95, 
97, 96, 100, and 98, respectively.'* Two apparently single 
resonances in the normal sample have contributions 
from more than one isotope. The 570-ev resonance has 
contributions from Mo” and Mo” and the 406-ev 
resonance has contributions from Mo” and another 
isotope. The three resonances at 406, 440, and 510 ev 
could not be assigned to a definite isotope. The calcula- 


“The three lowest-ener 
previously by S. P. Harris, 
Report ANL-5031, February, 1953 (unpublished) 


resonances have been identified 
gonne National Laboratory Progress 





Taste III. Neutron widths of resonances in the isotopes of molybdenum (,:Mo) based on a I’, of 260280 inv. 


Es 


ev 


45 0+06 


162+4 


570+-30 
700440 


1332 


292+ 10 


406217 
580+ 30 


480+ 20 


HARVEY, 


Sam ple 


Normal 
Normal 
Normal 
Normal 
Normal 
95 


Normal 


96 
96 
Normal 
Normal 
Normal 
05 
97 
Norma 
Norma 
Norma 
Normal 


] 


97 
Normal 
97 
97 


Normal 


HUGHES, 


1/n) KX10% §=Area (% error 


7 /atom ev 


18 490 0.39 (6) 
7830 0.83 (12 
1290 1.82 (5) 
409 3.96 (4 

137 7.2 (10) 


83 1.14 (10) 
137 1.00 (12) 
R3 

&3 

1890 

62.7 

17 600 

295 

131 

1340 

122 


1010 


CARTER, 


AND 


re (% 


mv) 


oO oo 
te ao © 


——ome 
mR 


a 


@ Wr Rt 


PILCHER 


Weighted Tr. 
mv 


174+10 


13.6+1.9 


120+60 
740+ 130 
200+ 15 


16.6+1.8 


80+40 
670+ 130 
740+ 110 


Reduced 
width I. 
(mv) 


26.0416 


1.1+0.2 
5+3 


28+5 
17.341.3 


2.0+0.2 


44+0.9 


4+2 
28+6 
3445 


95 


96 


97 


Normal 
9s 


406417 
440+ 20 


Mo” }, 04 1 
Normal 


Normal 


tions for these three resonances in Table III were based 
on an isotopic abundance of 14.6 percent (the average of 
the isotopes 92, 94, 98, and 100). The transmission be 
tween resonances gives a value of 5.4+0.3 b for the 
potential scattering cross section of molybdenum. 

In the entire energy range investigated, four reso- 
nances were found in Mo” and the same number in 
Mo”. The level spacing D thus equals 3702-120 ev for 
D ratios for Mo” and Mo*, based 
on these four resonances, are (0.40+0.14)*10™ and 
(0.26+0.09)X 10~*, respectively. There are six resonances 


each isotope. The lr. 


up to 600 ev assigned to the five even isotopes, which re- 
sults in an average level spacing for the five isotopes of 
500+ 150 ev. The average [°,"/D for these five isotopes is 
0.38+0.11)* 10 

Indium (ln The transmissions of three samples 
of indium metal of thicknesses 9.14, 1.10, and 0.87 g/cm? 
were measured from 3 to 150 ev, and a 0.102 g/cm’ 
sample from 3 to 10 ev, with a resolution of 0.17 wsec/m 
A sample of In,O; enri hed to 60 percent In‘ was run 
from 3 to 150 ev and one enriched to 99.94 percent In”* 


Ne 
Mmua ub 


mmMN 


1000 120 


ee} 


30+ 18 1.5+0.9 
110+40 5+2 
110+60 5+3 


(2.32 g/cm?) from 43 to 150 ev, with a resolution of 0.07 
usec/m. The resonances and their assignments up to 
40 ev agree with previous work with the Brookhaven 
crystal spectrometer"’ and the Oak Ridge fast chopper.'* 

Thick- and thin-sample runs on the 9.1-, 12.1-, and 
40-ey resonances in In" result in [,’s of 80+40, 
140+60, and 140+50 mv, respectively. Recent work 
with the Brookhaven crystal spectrometer” gives values 
of T, of 8144 mv for the 3.86-ev resonance and 72+2 
mv for the 1.46-ev resonance (both in In"*). In com- 
puting the neutron widths for In" in Table IV, an 
average value of 77+15 mv was used. Thick- and thin- 
sample runs on the 14.7- and 25.2-ev resonances in In" 
result in I’,’s of 60420 and 110+40 mv, respectively. 
For all resonances in In'™ in Table IV, an average I’, of 
80+ 20 mv was used. 


7 'V_ L. Sailor and L. B. Borst, Phys. Rev. 87, 161 (1952). 

‘8G. S. Pawlicki and E. C. Smith, Oak Ridge National Labora- 
tory Quarterly Progress Report ORNL-1289, March 1952 
(unpublished 

” H. H. Landon and V. L. Sailor (private communication). 
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TaBLe IV. Neutron widths of resonances in the isotopes of indium (In) based on a I'y of 80-20 mv for In™ and 77+15 mv for In". 


Reduced 


Iso- Es A 1/m) X10™ Area (°% error) > error) Weighted I. width I. 
tope ev ev Sample (cm*/atom) (ev) mv r mv) (mv) 
In" 4$.71+0.04 0.065 113 196 0.173 (11) 0.104 (15) 04 0.104+0.016 0.048+0.007 
14.7+9.1 0.12 113 196 0.93 (6) 6.1 (27) 1.5 7.7410 2.0+0.3 
Normal 498 0.72 (8) 8.1 (25) 1.1 
Normal 5250 0.20 (15) 8.2 (19) 0.2 
21.7+0.2 0.14 113 196 0.71 (11) 4.2 (30) 0.8 44+0.9 0.95+0.20 
Normal 498 0.42 (20) 38 (36) 0.3 
Normal 5250 0.081 (27) 5.0 (30) <0.1 
25.2+0.2 0.15 113 196 0.99 (10) 10.2 (30) 0.8 9.74+1.6 1.9+0.3 
Normal 498 0.67 (10) 10.0 (25) 0.7 
Normal 5250 0.123 (22) 9.1 (23) <0.1 
32.5+0.4 0.17 113 196 0.80 (6) 7.3 (23) 1.1 8.5+1.0 1.49+0.18 
Normal 498 0.55 (12) 8.0 (24) 04 
Normal 5250 0.13 (25) 12.5 (28) <O1 
45.6+0.6 0.20 113 196 0.59 (12) 4.7 (26 04 4.741.2 0.69+0.18 
63.6+1.0 0.24 113 196 0.15 (40) 1.0 (44) <0.1 1.0+-0.4 0.1340.06 
70.6+1.2 0.25 113 196 0.48 (9) 4.7 (15) 0.3 4.7+0.7 0.56+0.08 
82.5+1.5 0.27 113 196 0.30 (30) 2.9 (36) <0.1 29+1.0 0.32+0.11 
93.2418 0.29 113 196 1.34 (9) 40 (20) 0.5 40+8 4.1+0.8 
105+2 0.31 113 196 1.15 (14) 29 (30 0.3 2949 2.8+0.9 
Ins 3.86+0.04 0.059 Normal 1950 0.075 (10) 0.31 (11) 0.2 0.34+0.03 0.17340.014 
Normal 230 0.408 (5 043 (17) 1.4 
113 294 0.316 (7) 0.33 (17) 0.9 
9.10+0.09 0.090 Normal 1950 0.163 (10) 1.78 (12) 0.3 1.734017 0.57 +0.06 
Normal 230 0.55 (7 1.6 (20) 1.0 
113 294 0.51 (10) 1.7 (25) 0.7 
12.1+0.1 0.10 Normal 21.8 0.46 (8) 0.131 (20) 09 0.1064-0.013 0.031 +0.004 
Norma! 230 0.076 (20) 0.115 (23) “0.1 
113 294 0.047 (17) 0.088 (16) 0.1 
23.0+0.2 0.14 Normal 21.8 0.71 (10) 05 (30 0.6 1.0+0.2 0.2140.04 
Normal 230 0.34 (15) 13 (21 0.2 
39.9+0.5 0.19 Normal 21.8 1.47 (12) 4.6 (31) 0.8 3.5404 0.55+0.06 
Normal 182 0.48 (15) 2.8 26) 0.2 
113 294 O41 (8) 3.5 (12) 0.3 
46.3+0.6 0.20 115 82.4 0.20 (17) 0.43 (21) <0.1 0.434-0.09 0.063 +0.013 
48.64-0.7 0.21 Normal 21.8 0.60 (12) 0.59 (23) 0.3 0.654-0.08 0.093 40.012 
115 82.4 0.28 (13) 0.69 (17) “0.1 
63.2+1.0 0.24 115 82.4 0.34 (21) 1.1 (28 <0.1 1.1+0.3 0.14+0.04 
83.34+1.5 0.27 Normal 21.8 1.98 (10) 15 (30) 0.5 1142 1.2+0.2 
Normal 182 0.60 (25) 7 (41) <0.1 
115 82.4 1.07 (12) 11 (32 0.3 
95+2 0.29 115 82.4 0.51 (14) »8 (21) <0.1 2.8+0.6 0.29+-0.06 


In In'™ there are seven resonances (including the 
1.80-ev resonance measured by Sailor and Borst)"’ up to 
an energy of 49 ev, resulting in a D of 14+2 ev. Above 
this energy small resonanées may have been missed or 
the ones given in Table IV may not be single resonances. 
The [,°/D ratio for In, obtained from a plot like 
Fig. 5 for Tm, is (0.60+0.11)X10~. In In"* there are 
eight resonances (including the 1.46-ev resonance)'? up 
to 56 ev resulting in a D of 14+2 ev. The [,°/D ratio 
for In" (including a value of 2.78 mv for the I,” of the 
1.46-ev resonance)" is (0.31+0.06)X10~. The reduced 
neutron width of the 1.46-ev resonance is unusually 
great, being about six times the average reduced 
neutron width. 


Cesium (ss;Cs™).—The transmission of a thick sample 


of CsNO, (99.9 percent purity) was measured from 10 
to 600 ev with a resolution of 0.07 wsec/m. A thin 
sample was run only below 60 ev. Thick- and thin- 
sample measurements on the 22.6- and 47.8-ev reso- 
nances gave I',’s of 120440 and 140+ 60 my. The 5.9-ev 
resonance has been reported to have aT’, of 115220 mv 
and a 2gI", of 5.2+0.4 mv.™ An average I’, of 110+ 30 
mv was used for all resonances in the computations of 
Table V. There are 12 resonances up to 250 ev resulting 
ina D of 4245 ev. The [',°/D-ratio (including a value of 
2.1 mv for the I’,” of the 5.9-ev resonance)” is (1.04-0.2) 
10-4. The large resonance at 240 ev has a reduced 
neutron width about seven times the average reduced 


»* H. H. Landon and V. L. Sailor, Phys. Rev. 93, 1030 (1954). 














Tasie V. Neutron widths of resonances in cesium (ssCs"*) based on a I, of 110+30 mv. 


Es 4 (1/m) x10" Area (% etror 
(ev) ev cm!*/atom) ev 
2262403 0.13 910 0.42 (12) 

75.2 1.44 (7) 
47 5+0.6 0.19 910 0.55 (12) 

75.2 1.88 (10) 
83.141.5 0.26 72.6 1.12 (13) 
94.821.8 0.27 73.7 1.45 (10) 
12842 0.32 73.7 3.40 (7) 
14343 0.33 73.7 0.92 (25) 
14944 0.34 73.7 1.9 (20) 
18225 0.38 73.7 0.42 (25) 
204+6 0.40 73.7 2.0 (15) 
22446 0.42 73.7 1.8 (20) 
240+7 0.44 73.7 8.1 (8 
wW1i+10 0.49 73.7 3.5 (10) 
370414 0.54 73.7 3.0 (15 
407+ 16 0.56 73.7 7.3 (20) 
443419 0.59 73.7 4.2 (25 
530425 0.64 73.7 90 (20 


neutron width. The size distribution of the reduced 
neutron widths is shown in Fig. 7, in comparison with 
distributions for several other nuclides 

Europium (;Eu).—Four thicknesses of europium 
oxide from 0.066 to 1.57 g/cm? of europium were run 
from 4 to 50 ev with a resolution 0.17 yusec/m. The 
europium oxide (reported to be 99.8 percent purity) was 
obtained from the Fordomes Trading Company. No 
analyses were made on the transmission of the thick 
samples at the higher energies since the resonances were 
not well resolved. Since Eu’ and Eu'® are nearly 
equally abundant, an average abundance of 50 percent 
was used to calculate the isotopic sample thickness. An 
average I’, of 90+ 20 mv was used for all resonances in 
Table VI, this value being obtained from the average I’, 
for the first three resonances.” Several of the small 
resonances listed in Table VI had not been observed in 
earlier work,” whereas the reported resonances at 6.3 
and 7.4 ev have each been resolved into two resonances 
A resonance was observed at 8.1 ev and is believed to be 
due to a Sm impurity since no resonance was found at 
this energy by Sailor, ef a/." The area of the transmission 
dip corresponds to 1.7 percent Sm impurity. Although 
this is more than the reported purity of the sample 
would allow, we have omitted this resonance from 
Table VJ. The other Sm resonances are not large enough 
to be observed in the Eu sample. It is possible that the 
5.47-ev resonance is caused by a Dy impurity, for there 
is a strong Dy resonance at this energy. 

If we include the eight resonances below 4 ev meas- 
ured with the Brookhaven crystal spectrometer,” there 


private communication from H. H. Landon. 
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Reduced 
I. (% error) Weighted Ts width I. 
mv) r mv) (mv) 
6.5 (21) 0.6 6.6+1.1 1.4+0.2 
6.7 (27) 1.8 
19 (19) 0.5 19+3 2.8204 
20 (28) 1.4 
9 (33) 0.6 9+3 1.0+0.3 
19 (29) 0.7 19+6 20+0.6 
112 (17) 08 112+19 9.9+1.7 
9 (45) 0.2 9+4 08+0.4 
45 (43) 0.3 454-20 3.741.6 
34 (30) <0.1 3.4+1.1 0.25+0.08 
57 (38) 04 $7422 4.0+1.5 
49 (46) 0.2 49+22 3.341.5 
480 (18) 0.3 480+ 90 31+6 
190 (24) 04 190+40 11+2 
160 (34 0.2 160+ 60 8+3 
570 (38) 0.1 570+ 200 28+11 
290 (49) 0.1 290+ 140 14+6 
800 (38) <0.1 800+ 300 35413 


are 14 resonances below 7.7 ev. Assuming the level 
spacing of each isotope and each spin state is the same, 
we obtain an average D of 2.2 ev for each spin state. 
Even though all resonances were not found above 8 ev, 
the ratio [',°/D obtained, as in Fig. 5 for Tm, utilizes all 
the data up to 30 ev since the samples were sufficiently 
thin. The ratio [',°/D thus obtained is (2.3+0.3) X 10-. 
The I,° distribution is given in Fig. 7. 

Terbium (¢;Tb'™).—Two hundred milligrams of Tb,O; 
of ~99 percent purity were obtained from Dr. F. H. 
Spedding. Three sample thicknesses (1.05, 0.53, and 
0.205 g/cm*) were run from 3 to 200 ev with a resolution 
of 0.17 wsec/m. The data and the results are summarized 
in Table VII based on a I, of 90430 mv. The 
Brookhaven crystal spectrometer group have recently 
studied the first three levels.'* However, they also re- 
ported a resonance at 10.6+0.3 ev which we do not 
observe even though the thick sample run was suffi- 
ciently thick to see a good sized transmission dip if the 
resonance were as large as reported. There are 16 
resonances up to 80 ev, whose size distribution is given 
in Fig. 7. The D is 10.0+1.0 ev, and the ratio’ ,°/D is 
(1.50.2) X10™. 

Holmium (e¢Ho'*).—Thick and thin samples of hol- 
mium oxide (99.9 percent purity) were run from 3 to 200 
ev with a resolution 0.17 usec/m. In the thick sample 
run a small resonance was observed at 8.1 ev and is 
believed to be due to a Sm impurity. The data and the 
results are given in Table VIII based on a I’, of 90420 
mv. This I, was obtained from the average value of the 
I’, measured for six resonances. The measured values of 
Tr, for the 18.2, 35.9, 40.3, 48.5, 73.1, and 87.2-ev 
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resonances were 180+90, 60+20, 60+30, 60+30, 
140+70, and 260+ 130 mv. 

In previous work on holmium,” the first four levels 
were measured. From the reported ool of 77+10" for 
the 3.9-ev resonance and a I’, of 90+20, a value for 
gl’? of 2.5+0.7 can be obtained, which agrees with the 
value of 2.5+0.5 in Table VIII. The size distribution of 
the neutron widths of the 15 resonances up to 90 ev are 
given in Fig. 7. These levels give a D of 12.041.3 ev. 
The ratio of f',°/D is (2.54-0.4)«10™. 

Lutetium (7,Lu).—The transmissions of thick and 
thin samples of Lu,O; (99.9 percent purity) were 
measured from 4 to 150 ev. Thick and thin runs on the 
11.3, 20.7, 23.7, 37, and 42-ev resonances gave I’,’s of 
40+ 20, 160+50, 70+20, 90+30, and 80+30 mv. The 
data and results are summarized in Table [X, based on a 
I’, of 70+ 20 mv. Since the sample thickness (m) is given 
for the element, the neutron widths listed are less than 
the true values. Thus the neutron width listed in 
Table IX for a particular resonance would be increased 
by a factor of (1/0.976) if the resonance were assigned 
to Lu'”§ and by a factor of (1/0.024) if assigned to Lu'”’, 

In addition to the 5 resonances previously reported" 
from 4 to 21 ev, five additional resonances were ob- 
served. The thick and thin measurements on the 57-ev 
resonance indicate that it is not a single resonance. If we 
assume that resonances with I’,°<0.1 mv are in Lu!”8, 
there are 13 resonances below 45 ev in Lu'” and D 
equals 7+2 ev for Lu'”. The ratio f',°/D for Lu’ 
equals (1.7+0.2) X 10~*. Since many resonances in Lu'”® 
must have been masked by Lu'”® resonances, no level 
spacing for Lu’”* is given. 

Hafnium (;,Hf).—Four thick samples of HfO, (~1 
g/cm?) enriched to 61.0 percent Hf'”’, 80.9 percent Hf'”*, 
46.6 percent Hf”, and 93.96 percent Hf" were run from 
4 to 150 ev with a resolution of 0.07 usec/m. A thick 
sample (~4 g/cm*) of normal hafnium metal was also 
run in the same energy range. The two low-energy 
resonances in Hf'’’ at 1.08 and 2.38 ev were not meas- 
ured. Since only 14 mg of 7.85 percent Hf'™ and only 
58 mg of 48.46 percent Hf'’® were available, only thin 
samples of these isotopes could be measured. In order to 
get thin runs on the 7.8-ev resonance, samples of Zr 
containing 2 percent Hf were used as well as thin 
samples enriched in other isotopes. The data and results 
are summarized in Table X based on aI’, of 56415 mv 
for Hf’? and 60+20 mv for the other isotopes. The 
resonances and their assignments are in agreement with 
Argonne work,” in which resonances up to 13 ev were 
measured. In this work a I’, of 43410 mv and a 2gT’, of 
1.8+0.5 mv were found for the 1.08-ev resonance. Re- 
cent work by Levin™ gives a I’, of 6348 mv and a 2gT', 
of 6.8+0.6 mv for the 2.38-ev resonance, and a I’, of 
44+20 mv and a 2g! of 1142 mv for the 6.5-ev 
resonance. 


* Bollinger, Harris, Hibdon, and Muehlhause, Phys. Rev. 92, 
1527 (1953). 
J. S. Levin (to be published). 
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Fic. 7. The distribution in size of the reduced neutron widths 
for various nuclides, plotted in the same manner as Fig. 4. The 
slopes of the straight lines are computed from the arithmetic 
averages of the neutron widths. 


The 12 resonances in Hf'”’ found below 34 ev give a D 
of 5.6+0.6 ev. Their size distribution is given in Fig. 7. 
The ratio [,°/D for Hf” is (3.040.4)10~. In Hf!” 
the wide spacing of the first few levels and the large 
number of small levels from 50-65 ev (see Fig. 7) 
complicates the determination of D, with a resulting 
value of 8+2 ev, somewhat less accurate than expected 
from the number of levels found. The ratio F,°/D is 
(1.340.3) X10. There is only one resonance in Hf'”* 
and one in Hf'® up to 100 ev. One resonance was found 
in Hf'*, but since only a thin sample was available 
small resonances may have been missed. No resonances 
were found in Hf'’*, but again since only a thin sample 
of enriched Hf'”* was available small resonances would 
not have been detected. 
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AND 


Taswe VI. Neutron widths of resonances of the isotopes of europium (¢;Eu) based on a I’, of 90420 mv. The two isotopes are assumed 


to be equally abundant in computing 1/n. 


Es 4 1/n) x10" Area (% error 
ev e cm?/atom ev 
423400 0.057 1420 0.015 (30 

322 0.056 (20 
547+0.05 0.061 1420 0.036 (20 
322 0.121 (15) 
6.03 +0.08 0.064 7700 0.015 (25 
5000 0.030 (40 
1420 0.080 (30) 
322 0.17 (30) 
6.25+0.08 0.065 7700 0.017 (25) 
5000 0.030 (40) 
1420 0.080 (30 
$22 0.24 (30) 
7.24+0.10 0.070 7700 0.065 (30 
5000 0.13 (25) 
1420 0.30 (20 
7.47+0.10 0.071 7700 0.065 (30 
5000 0.13 (25 
1420 0.30 (20 
& 90+0.09 0.078 7700 0.090 (12) 
S000 0.19 (15 
1420 0.38 7 
10.5+0.1 0.085 7700 0.025 (30 
5000 0.075 (10 
1420 0.192 (7 
11.1+0.2 0.087 1420 0.060 (40 
11.7+0.1 0.089 7700 0.061 (20) 
5000 0.121 (10) 
1420 0.30 (10 
12.340.2 0.091 7700 0.018 (50) 
5000 0.045 (30 
1420 0.106 (25) 
12.7+0.1 0.093 7700 0.020 (50) 
5000 0.082 (20 
1420 0.169 (15) 
13.6+0.2 0.096 1420 0.04 (50) 
148402 0.10 7700 0.020 (50 
5000 0.056 (20 
1420 0.150 (15 
15.2402 0.10 7700 0.039 (50 
5000 0.057 (20 
1420 0.157 (15 
Tantalum (7;Ta'").—Two thick samples (7.80 and 


0.89 g/cm*) of tantalum metal were measured from 7 to 
150 ev with a resolution of 0.07 wsec/m. Two thin 
samples (0.0496 and 0.296 g/cm*) were run from 7 to 45 
ev only. The 4.3-ev resonance was not measured since 
this resonance has been studied recently by the BNL 
crystal spectrometer group,™ giving [,=49+6 mv and 
2ef,=4.340.7 mv. The data are summarized in 
Table XI based on a I’, of 50410 mv. Thick and thin 
runs on the 10.4, 13.95, and 20.5-ev resonances give 
r,’s of 49411, 55413, and 49415 mv. Several reso- 
nances of Table XI below 40 ev had not been found in 
earlier work™* in this energy range. For example, the 

™R. E. Wood (private communication) 

* Melkonian, Havens, and Rainwater, Phys. Rev. 92, 702 


(1953). 
* R. L. Christensen, Phys. Rev. 92, 1509 (1953). 


Reduced 

I's (% error) Weighted I. width I. 
mv) r mv) (my) 

0.051 (30) <0.1 0.048+-0.008 0.022+0.004 
0.047 (21) <O0.1 
0.142 (20) <0.1 0.133+0.018 0.057 +0.008 
0.126 (18} 0.2 
0.35 (25) <0.1 0.35+0.05 0.14+0.02 
0.46 (42) <0.1 
0.37 (33) 0.1 
0.20 (37) 0.1 
0.43 (23) <0.1 0.41+0.07 0.16+0.03 
047 (40 <0.1 
0.39 (33) <0.1 
0.35 (44) 0.2 
2.0 (33) <0.1 2.4+0.5 0.89+0.18 
2.7 (30) 0.1 
2.4 (33) 0.3 
2.0 (33) <0.1 2.4+0.5 0.88+0.18 
2.7 30) 0.1 
2.5 (34 0.3 
34 (14) 01 4.2+0A4 1.41+0.14 
54 (19) 0.1 
43 (18) 1.0 
10 (32 <0.1 1.90+0.13 0.59+0.04 
2.14 (10) <0.1 
1.81 (9) 03 
05 (43 <0.1 0.5+0.2 0.15+0.06 
30 (22) <0.1 3.7203 1.08+0.08 
40 (11) 0.3 
3.7 (18) 05 
09 (51) <0.1 1.2+0.2 0.34+0.07 
i4 (30) <0.1 
1.1 (29) <0.1 
1.0 (49) <0.1 2.2+04 0.62+0.12 
29 (20) <0.1 
19 (17 0.2 
04 (53) <0.1 0.4+0.2 0.11+0.06 
1.1 (51) <0.1 1.9+0.3 0.49+0.07 
2.2 (21 <0.1 
18 (19) 0.2 
23°: <0.1 2.2403 0.57+0.08 
2.3 (20) <0.1 
2.0 (18) 2 


previously reported resonances at 24 and 35 ev have 

each been resolved into two resonances, as was already 

shown in unpublished work by the MTR fast-chopper 

group at Arco, Idaho. A small resonance reported*’ at 

about 11 ev was not found in our work. The 10 resonances 

below 45 ev give a D of 9.041.0 ev. The [,,°/D ratio is 
1.8+0.3)«K10™. 

Uranium (5.U™*).—The transmissions of eight differ- 
ent thicknesses (from 0.0266 to 36.0 g/cm?) of normal 
uranium were measured in various energy regions from 
5 to 750 ev with a resolution of 0.07 uwsec/m. Above 
200 ev, however, only a single sample thickness of 18.0 
g/cm? was used. A 12.0-g/cm* sample was run from 5 to 
200 ev, as well as various thin samples. For example, in 


”” Gaerttner, Yeater, and Albert, Knolls Atomic Power Labora- 
tory Report KAPL-1084, March, 1954 (unpublished). 











NUCLEAR ENERGY 


Eo 4 (1/n) x10™ Area (% error) 
(ev) ev) (cm*/atom) (ev) 
16.8+0.2 0.11 7700 0.028 (50) 

5000 0.045 (15) 
1420 0.093 (10) 
18.0+0.2 0.11 7700 0.058 (25) 
5000 0.106 (15) 
1420 0.287 (10) 
18.8+0.2 0.11 7700 0.030 (50) 
5000 0.069 (30) 
1420 0.25 (20) 
19.34-0.2 0.11 7700 0.060 (30) 
5000 0.069 (30) 
1420 0.25 (20 
20.1+0.2 0.11 7700 0.110 (20) 
5000 0.212 (7) 
1420 0.42 (10) 
22.0+0.3 0.12 7700 0.037 (35) 
1420 0.15 (30) 
22.5+0.3 0.12 7700 0.060 (30) 
5000 0.12 (25) 
1420 0.32 (20) 
24.140.3 0.13 7700 0.034 (40) 
3460 0.068 (30) 
25.0+0.3 0.13 7700 0.061 (30) 
3460 0.12 (25) 
27.0204 0.14 34060 0.14 (25) 
7700 0.061 (30) 
29.5+0.4 0.14 3460 0.057 (50) 
30.8+0.4 0.14 3460 0.064 (50) 
31.8+04 0.15 3460 0.059 (50) 
35.1+0.5 0.16 3460 0.11 (30) 
36.9+0.5 0.16 3460 0.17 (30) 
38.320.6 0.16 3460 0.17 (30) 
42.2+0.7 0.17 3400 0.25 (25 
47 4+0.8 0.18 3460 0.38 (20) 


addition to the 12.0-g/cm? run, measurements were 
made on the 66.5-ev resonance with three other samples, 
of thicknesses 4.66, 0.925, and 0.123 g/cm*. Two 36.0- 
g/cm? samples were run in the region of 90 ev to obtain 
data on the extremely weak resonance at 90 ev. A minor 
correction to the transmission was made for the U™* 
content when necessary. 

The results are summarized in Table XII. The data 
on the 6.70-ev resonance were obtained from Levin™ and 
are included for completeness. The measurements on the 
first four resonances are sufficiently accurate to give 
good results for [ and hence ',. The I'’s obtained are 
25.5+2.0, 3345, 6147, and 44+10 mv for the 6.7, 21, 
37, and 66.5-ev resonances, respectively, hence the I’,’s 
are 24+2, 25+-5, 294-9, and 17+10 mv. These values 
are all consistent with a single I’, of 25 mv. Table XII 
summarizes the data based on a I’, of 2545 mv for all 
resonances, except the 6.7-ev resonance for which a I’, 
of 24+2 mv was used. 

There are eleven resonances up to 200 ev giving a D of 
18+2 ev. The size distribution of their neutron widths 


TaBLe VI.—Continued. 
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Reduced 

lr. (% error) Weighted Tr. width I.* 

(mv) r (mv) (mv) 
18 (51) <0.1 1.5+0.2 0.37+0.05 
19 (17) <0.1 
1.2 (10) <0.1 
41 (25) <O.1 5.0+0.5 1.18+0.13 
5.2. (17) <0.1 
5.2 (15) 04 
2.2 (50) <0.1 3.940.8 0.90+0.18 
3.4 (31) <0.1 
4.5 (25) 0.2 
4.6 (32) <0.1 4.3408 0.98+0.19 
3.5 (33) <0.1 
46 (26) 0.2 
9.3 (23) <0.1 11.541.2 2.6+0.3 
12.8 (10) 0.3 
10.0 (21) 0.6 
3.2 (34) <01 2.9+0.7 0.6240.15 
2.7 (34) <0.1 
5.3 (32) <0.1 6.7413 1.4+-0.3 
7.3 (30) <0.1 
7.2 (28) 0.2 
3.2 (42) <0.1 3.0+0.8 0.61+0.15 
2.9 (31) <0.1 
5.9 (31) <0.1 5.8+1.2 1.2+0.3 
5.7 (29) <0.1 
7.1 (28) £0.1 6.7414 1340.3 
65 (31) <0.1 
2.9 (52) <0.1 2.91.5 0.5+0.3 
3.5 (52) <0.1 3.5418 0.6+0.3 
3.3 (52) <0.1 3.341.7 0.6+0.3 
6 (33) <O0.1 6+2 1.0+0.3 
12 (33) <0.1 12+4 2.0+0.7 
13 (34) <O1 1344 2.140.7 
22 (32) <0.1 224-7 34+1.1 
41 (30) 0.1 41412 6+2 


is shown in Fig. 7. It is interesting that the ratio of the 
largest to the smallest reduced neutron width is about 
10°. Any resonance up to 100 ev with a I’,” of 1/500 of 
the average I’,.” would have been found, as well as any 
resonance 1/100 of the average I’,® in the 100-200-ev 
range. Above 200 ev it is apparent that small resonances 
may have been missed or that some resonances listed 
may be two resonances. The ratio [',®/D up to 400 ev is 
(1.2+0.2)X10~. The “resonance absorption integral,” 
JodE/E, where a, is the absorption cross section, is 
given by > rool’,/2E» over the resonances. The value 
calculated from the resonances up to 420 ev is 265412 b. 
As the additional contribution for the resonances above 
420 ev (calculated from the average resonance parame- 
ters) amounts to 1143 b, the resonance absorption 
integral is 2764-12 b. 


IV. DISCUSSION OF RESULTS 


We have seen in the preceding section that the experi- 
mental total cross sections give the level spacings directly 
by a simple counting of levels, with an accuracy limited 
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Tape VIL. Neutron widths of resonances in terbium (Tb) based on a T', of 90430 mv. 





(1/n) X10" Area (% error 


Es 4 
(ev) (ev) (cm*/atom) ev) 

3.35+0.03 0.046 1290 0.158 (7) 
499 0.30 (6) 

4.99+0.05 0.057 1290 0.022 (23) 
499 0:036 (14) 

11.14+0.10 0.085 1290 0.512 (5) 
49 0.93 (5) 

144+0.2 0.096 4 0.131 (16) 
214+0.2 0.12 1290 0.151 (12) 
499 0.240 (12) 

24.7+0.3 0.13 1290 0.272 (8) 
499 0.50 (10) 

27. 8+0.3 0.13 499 0.108 (13) 
252 0.24 (18) 
4.1204 0.15 1290 0.160 (17) 
: 499 0.244 (9) 

252 0.52 (14) 

44.2+0.6 0.17 1290 0.16 (23) 
499 0.34 (12) 

252 0.63. (15) 

46.6+0.6 0.17 1290 0.45 (12) 
499 0.51 (9) 

252 0.88 (11) 

51.1+0.7 0.18 499 0.21 (19) 
252 047 (20) 

54.9+0.7 0.19 252 0.19 (30 
58.7208 0.20 499 0.26 (30) 
252 0.43 (25) 

66.1+1.1 0.21 499 045 (15) 
252 1.04 (13) 

746+1.3 0.22 499 0.60 (17) 
252 1.04 (25) 

78.2414 0.23 499 0.47 (18 
252 0.92 (30) 

91.9418 0.24 499 0.60 (20) 
252 1.00 (18) 

97.9219 0.25 499 0.76 (18) 
252 1.48 (15) 

112.52:2.0 0.27 499 0.94 (30 
252 16 (25) 

11542 0.27 499 0.95 (30) 
252 1.7 (25) 

12243 0.28 252 1.2 (30) 
13143 0.29 252 0.65 (35) 
144+-3 0.30 499 1.08 (22) 
252 2.5 (20) 

15644 0.32 499 1.03 (26) 
252 28 (15) 


primarily by the small number of levels observed, but 
affected also by the possibility of loss of levels by poor 
resolution. The reduced neutron widths (rather 2gT ,' 
that are obtained are subject not only to experimental 
error but to uncertainty arising from lack of know ledge 
of T', for the individual levels. Although the lack of 
knowledge of I’, at first sight seems serious, the final 
uncertainty is usually the experimental error itself, 
because of the weak dependence of 2gI’,” on I’, for 

















lr. (% error) Weighted I’. width I's* 
mv) r (mv) (mv) 

043 (14) 0.7 0.43+0.05 0.24+0.03 

0.43 (23) 1.7 

0.072 (25) <0.1 0.055+0.008 0.025+0.004 

0.045 (16) <0.1 

74 (25) 1.9 9.2+1.8 2.8+0.6 

11.4 (30) 2.1 

0.54 (20) 0.2 0.54+0.11 0.14+0.03 

2.4 (15) 0.1 2.1+0.2 0.46+0.05 

1.7 (17) 0.2 . 

5.7 (14) 0.3 5.8+0.7 1.17+0.14 

6.0 (24) 0.7 

0.82 (15) <0.1 0.90+0.12 0.17+0.02 

1.08 (24) 0.2 

40 (21) <0.1 3.30.7 0.57+0.11 

2.6 (13) 0.2 

4.2 (27) 0.4 

[36 ot <0.1 5.6+0.8 0.84+0.13 

5.1 (18) 0.2 

7.3 (35) 0.3 

21 (20) 0.3 15+3 2.2404 

9.7 (17) 0.5 

16 (32) 0.7 

3.1 (24) <0.1 3.7+0.7 0.52+0.10 

4.7 (33) 0.2 

1.6 (36) <0.1 1.6+0.6 0.21+0.08 

45 (37) <0.1 4.6+1.1 0.60+0.14 

4.6 (37) 0.1 

11 (22) 0.2 15+4 1.9+0.5 

31 (33) 0.6 

18 (28) 0.2 20+5 2.340.6 

30 (60) 0.2 

13 (26) 0.1 15+4 1.7+04 

23 (74) 0.2 

22 (31) 0.2 24+6 2.5+0.7 

29 = (40) 0.3 

34 (30) 0.2 45+11 4.5+1.1 

65 (33) 0.5 

53 (53) 0.1 65+25 6.02.5 

80 (56) 0.2 

55 (53) 0.1 70+30 7+3 

90 (55) 0.2 

SO (70) 0.1 50+30 4+3 

16 (50) <0.1 16+8 1.4+0.7 

8 (36) 0.2 120+30 10+3 

180 (35) 0.5 

80 (44) 0.2 160+40 1343 

230 =—(30) 0.7 


average sample thicknesses. For comparison with theory, 
the reduced neutron width I,” rather than 2T,” is 
needed, and hence there is additional uncertainty for all 
but zero-spin target nuclei because 2g is not unity, in the 
worst case (spin-} target nuclei) the two possible values 
being } and §. 

In spite of the limitation arising from the g value, 
several interesting features are clearly revealed by a 
survey of the measured neutron widths. The values that 
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TaBLe VIII. Neutron width of resonances in holmium («Ho'*) based on a I’, of 902-20 mv. 








Ee A (1/n) X10% Area (% error) 
(ev) ev) cm?*/atom) (ev) 
3.92+0.03 0.050 1470 0.406 (4) 
128+0.1 0.089 1470 0.561 (3.3) 
18.2+0.2 0.11 1470 0.050 (25) 
72 0.61 (7) 
21.340.2 0.12 72 0.48 (7) 
35.9+04 0.15 1470 0.25 (15) 
72 1.07 (6) 
37.9+0.5 0.15 72 0.22 (16) 
40.3+0.5 0.16 1470 0.48 (12) 
72 1.75 (7) 
48.5+0.6 0.17 1470 0.47 (11) 
72 1.77 (8) 
§2.2+-0.7 0.18 1470 0.73 (6) 
72 2.26 (11) 
55.3+0.8 0.19 72 0.96 (17) 
66.34+1.1 0.20 1470 0.51 (12) 
72 1.74 (11) 
70.0+1.2 0.210 72 0.34 (30) 
73.14+1.3 0.21 1470 0.42 (17) 
72 2.03 (9) 
83.4+1.5 0.23 72 0.32 (35) 
87.2+1.6 0.23 1470 0.73 (13) 
72 3.72 (8) 
96+2 0.24 1470 0.99 (11) 
72 3.9 (9) 
104+2 0.26 1470 0.52 (20) 
72 2.7 (13) 
12343 0.28 72 1.66 (18) 
13043 0.29 1470 0.79 (24) 
72 47 (10) 


have been obtained in the present study reveal that I’,° 
varies over an extremely large range, a fact that lessens 
greatly the disadvantage of the g uncertainty simply 
because the values range over a much greater spread 
than results from the two possible g values. Of the many 
possible aspects of the statistics of level parameters that 
could be studied, only a few prominent characteristics 
will be discussed at present, omitting possible trends 
that cannot be delineated clearly at the present time 
because of insufficient data. The neutron widths will be 
considered first, then the level spacings, and finally the 
ratio [',°/D which has an important bearing on current 
nuclear models. 


A. Neutron Widths 
The neutron width of a level is related to the mean 
lifetime r, of the state relative to disintegration by 
emission of a neutron by the relationship, 
l= h/t a. (5) 


The width can be considered crudely as being deter- 
mined by the time required for concentration of the 
excitation energy on a particular neutron and by the 


Reduced 
lr. (% error) Weighted Tr. width .* 
(mv) r (mv) (mv) 

2.5 (18) 1.8 2.5+0.5 1340.2 
13.1 (16) 1.7 13.1+1.8 3.4+0.5 
0.69 (28) <0.1 0.92+0.17 0.22+0.04 
1.11 (22) 1.1 

0.73 (16) 0.7 0.7340.12 0.16+0.03 
84 (19) 0.1 7.5+1.1 1.20+0.18 
64 (22) 1.3 

0.36 (20) <0.1 0.364-0.07 0.059+0.012 
23 (19) 0.3 2143 3.340.5 
19 (22) 1.1 

26 =(18) 0.2 25+4 3.60.5 
22 = (25) 09 

55 (13) 0.6 5i+6 7.0+0.8 
34 (26) 0.7 

6.6 (46) 0.3 743 0.9+0.4 
38 (19) 0.2 38+6 4.6+0.7 
38 (26) 0.6 

1.1 (38) <0.1 11+04 0.130.04 
30. (25) <0.1 356 4.1+0.7 
38 (22) 0.7 

1.2 (46) <0.1 1.2+0.6 0.1340.06 
79 = =(18) 0.2 96+ 10 10.341.1 
108 (13) 0.6 

133 (18) 0.2 125+15 12.7415 
119 (14) 0.6 

54 (27) <0.1 65+13 6441.3 
75 (24) 04 

34 (45) 0.3 34+ 16 3.141.5 
110 (32) <0.1 160+25 1442 

180 (15) 04 


probability that this neutron will penetrate the nuclear 
potential barrier. Thus the width I’, and the reduced 
width I,” are given by 


r= hp to, 
r A hp” ‘to, 


where ¢) is the lifetime spent by the nucleus in the 
particular excitation state before the energy is concen- 
trated on a single neutron, p is the actual barrier 
penetrability, and p° is the value for a 1-ev neutron. 
As the barrier penetrability p° is expected to be 
practically the same from one level to another in a 
particular nucleus, the wide range in neutron widths 
observed must indicate a corresponding wide range of 
lifetimes for the individual nuclear states. As we shall 
see later, the barrier penetration (given by 2xI,°/D) is 
of the order of 10~* for the elements considered ; hence 
the intrinsic nuclear lifetime, fo, varies from about 10°" 
to 10~'* sec for the observed range in I,” of 0.01 mv to 
10 mv. In spite of this wide range, the values of t are 
always much greater than the time required for a nu- 
cleon to cross the nucleus, which is about 10~* second. 
The wide range in to observed reflects the differences 


(6) 
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Taste IX. Neutron widths of resonances in lutetium (>,Lu) based on a I’, of 702420 mv. 
The sample thickness (1/n) is the atomic value (ste text). 


0.032 
0.10 
036 
0.285 
0.56 
0.022 
0.080 


mv 


0.012 


0.28 
0.33 


1.3 
0.9 


0.081 


0.047 { 


0.044 
3.4 


> 


Weighted I’. 
mv) 


0.012+0.006 


0.28+0.03 


1.2+0.2 


0.062+0.012 


0.044+.0.012 
3.2+0.5 


18+ 


24+3 


0.39+0.15 


38+4 


O8+0.3 


3 


4+2 


93411 


36+ 11 


39+10 


83+11 


150415 


Reduced 
width T.* 
(mv) 


0.006-+0.003 
0.128+0.014 


0.52+0.09 
0.025+0.005 


0.014+0.004 
0.95+0.15 


4.8+0.7 
0.35+0.04 


0.018+0.005 


0.51+0.07 


0.015+0.004 
1.01+0.14 


0.034+0.012 
0.052+0.016 


0.26+0.05 
1.7+0.3 
0.41-+0.10 


1.05+0.14 


0.06+-0.02 
53 +0.6 

0.114004 
0.49+0.09 


0.49+0.09 


0.16+0.08 


3.7+0.9 
7.6+1.0 


13.141.3 
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Tasie X. Neutron widths of resonances in the isotopes of hafnium (;:Hf) based on a 
I’, of 56+15 mv for Hf'” and 60+ 20 for the other isotopes. 


Reduced 
width T'.* 
(mv) 


8.91.2 


Eo 4 (1/m) X10 Area (% error) I's (% error) 
(ev) ev Sample (cm*/atcm) (ev) mv) 


30.5404 0.135 174 41 000 0.135 (20) 49 (24) 
Norma! 57 000 0.101 (15) (16) 


1080 0.48 (10) (29) 
1080 0.66 (10) (29) 
1080 0.49 (20) (41) 


543 0.139 (11) (13) 
0.128 (13) (17) 


0.30 (10) (18) 
0.31 (10) (18) 


0.29 (11) (19) 
0.295 (6) (13) 


0.20 (16 (22) 
0.056 (17) (19) 
0.193 (8 


Weighted I. 
(mv) 


49+6 


2.1+0.6 
4341.3 
2741.1 
0.18+0.02 


$.1+1.5 
1i+3 
8+3 

0.67 +0.08 


0.057 177 
0.061 177 
0.070 177 
0.090 177 

Normal 537 


0.090 177 543 
Normal! 537 


0.12 177 543 
Normal 537 


0.12 177 543 
0.12 177 543 
0.13 177 543 


5.9+0.1 
6.6+0.1 
8.8+0.1 
13.7+0.2 


14.1+0.2 0.59+0.08 


22.2+0.2 0.57 +0.06 


0.3340.07 
0.08+-0.02 
(10) 0.35+0.04 


1.6+0.4 
0.41+0.08 
1.80+0.18 


0.14 177 543 
0.15 177 543 
0.16 177 543 
0.16 177 543 
0.16 177 543 
0.17 177 543 
0.18 177 543 
0.18 177 543 
0.19 177 543 
177 543 
177 543 
177 543 
+1 2 177 543 
3+1 22 177 543 
2+1 22 177 543 
93.6+1 2 177 543 
98.541 2 177 543 
10342 2 177 543 
105+2 25 177 543 


0.19 


in intrinsic properties of individual nuclear levels ; hence 
some information can be obtained from the data on the 
nature of the distribution of the nuclear lifetimes, or 
more simply, as they are expressed by the reduced 
neutron widths. As already mentioned in connection 
with the discussion of thulium, the observed reduced 
neutron widths follow an exponential distribution as a 
function of size. Distributions similar to that shown in 
Sec. III for thulium have been found for other nuclides 
as well. In order to compare the distributions observed 
for various nuclides, the actual results for all cases .in 
which at least 11 levels were observed are exhibited 
together in Fig. 7. While it is certainly true that the 
exponential distribution is a good approximation for the 
observations, it is not definitely established that this law 
is followed exactly. 

The effect of lack of knowledge of g on the I,” distri- 


(20) < 2 2 0.2140.04 
38+08 

0.65+0.08 
0.68+0.10 
0.7240.12 


78+0.6 


4.6+0.6 
4.9+0.8 
5545 

24+0.5 
17+0.3 


18+4 
1343 
28+08 0.36+0.11 
8.24+0.9 
44+0.5 
1.6+0.4 
18+0.3 
0.3740.10 
24+0.5 
0.6640.13 
1340.3 
2.040.7 
$141.0 


66+5 
$644 
1444 
1643 
3.4409 
22+4 
64+1.3 
1343 
2047 


32410 


bution was discussed in Sec. III A for the case of 
thulium where it was shown that equal spacings for the 
two spin states would give a curve concave upward 
when plotted as in Fig. 7, even if the exponential is 
strictly true for the levels of each spin state. If, on the 
other hand, the levels with higher g (thus higher com- 
pound nuclear spin J) should have a smaller level 
spacing, the g effect might cancel (it would exactly if the 
level spacing contains a 2/+1 factor, see Sec. IV B). 
Some of the distribution curves are slightly concave 
upward and this behavior might be related to the ¢ 
effect. However, in the light of the present limited 
amount of data, the exponential distribution holds sur- 
prisingly well, and seems firmly enough established to 
justify theoretical calculations. The distribution law of 
neutron widths has not been treated extensively in any 
published theory of nuclear level structure as yet. 
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Taste X.—Continued. 
Reduced 
Iso Es f i/n) x10" Area (% error) I's (% error) Weighted I. width I'.* 
tope ev e Sam ple cm?/atom ev) (mv) r (mv) (mv) 
HP® 7804010 0070 Zr 165000 0.151 (7) 537 9) O04 4943 17.5410 
Zr 190 000 0.117 (10) 49 (12) 0.2 
179 8000 0.82 (5) 46 (13) 1.6 
180 9300 0.71 (5) 41 (14) 2.0 
Normal 2710 145 (5) 50 (13) 1.8 
Hf” 5.69+0.05 0.056 179 1150 0.437 (5) 4.2 (32) 2.5 4.2+13 18+0.6 
17.4+0.2 0.10 179 324 0.307 (6) 1.5 (16) 1.1 2.0+0.2 0.47+0.05 
Normal 7% 0.257 (8) 2.5 (15) 0.7 
24.0+0.2 0.12 179 324 0.535 (5) 5.3 (25) 1.7 5.3414 1.1+0.3 
27.0+0.3 0.12 179 324 0.216 (10) 1.25 (15) 0.3 1.25+0.19 0.24+0.04 
31.5404 0.13 179 324 0.51 (6) 6.0 (21) 1.3 6.0+1.2 1.1+0.2 
36.82+-0.5 0.15 179 324 0.380 (10) 17 (29) 0.9 1745 2.8+0.8 
40.6405 0.15 179 324 0.86 (5) 20 (20) 18 20+4 3.1+0.6 
428+06 0.16 179 324 0.68 (7 13.1 (21) 1.0 11.9+1.7 1.8+0.2 
179 324 063 (4 10.8 (18) 1.5 
44.7+06 0.16 179 324 0.055 (25) 0.41 (27) <0.1 0.41+0.12 0.06+0.02 
48.1407 0.17 179 324 0.093 (25) O08 (30) <0.1 0.8+0.2 0.12+0.03 
51.1+0.7 0.17 179 324 0.103 (20 0.9 (22) <0.1 0.9+0.2 0.13+0.03 
$1.7+0.7 0.17 179 324 0.059 (20) 0.51 (20) <0.1 0.51+0.10 0.07+0.02 
§2.4+0.7 0.17 179 324 0.060 (20) 0.53 (20) <0.1 0.53+0.10 0.07 +0.02 
53.5407 0.18 179 324 0.062 (20 0.56 (21) <0.1 0.56+0.12 0.08+0.02 
§5.4+0.8 0.18 179 324 0.31 (10) 3.7 (14) 0.2 3.7+0.5 0.50+0.07 
61.2410 0.19 179 324 0.062 (25 0.63 (26) <0.1 0.63+0.16 0.08+0.02 
63.04+1.0 0.19 179 324 0.069 (20) 0.73 (21) <0.1 0.7340.15 0.09+0.02 
70.141.2 0.20 179 324 O45 (10) 8.1 (18) 0.3 8.14:1.5 1.0+0.2 
78.2413 0.21 179 324 0.21 (15) 3.1 (16) <0.1 3.1+0.5 0.35+0.06 
80.7+1.4 0.22 179 324 0.12 (20) 1.7 (22) <0.1 1.7+0.4 0.19+0.04 
84.341.5 0.22 179 324 0.32 (15) 5.7 (21) <0.1 5.7+1.2 0.62+0.13 
86.7+1.6 0.22 179 324 0.23 (15 3.9 (19) <0.1 3.90.7 0.42+0.08 
93.6418 0.23 179 324 O85 (10) 32 (26) 03 3248 3.3408 
10342 0.24 179 324 1.58 (10) 99 (15) 04 99+15 9841.4 
106+ 2 0.25 179 324 0.20 (25) 3.8 (30) <0.1 3.8+1.1 0.37+0.11 
11042 0.25 179 324 0.47 (15) 12 (24 0.2 1243 1.1+0.3 
Hf'* 73.941.2 0.20 180) 204 1.72 (10) 44 (19) 0.7 50+6 5.8+0.7 
Normal 298 1.50 (15) 46 (23) 0.9 
179 590 1.29 (10) 58 (18) 0.7 


A casual inspection of the relationship of the neutron 
width to the spacing to the neighboring levels reveals no 
obvious correlation in the that strong levels 
correspond to large spacing of neighboring levels. The 
failure of this effect to appear implies that the simple 
derivation of the proportionality of [, to D usually 
given‘ is not to be taken too literally, for it would lead 
one to expect a tendency for the size of [', to be as- 
sociated with the D in the immediate vicinity 


sense 


B. Level Spacing 


For the neutron energies used in the present work the 
neutron resonances observed in a particular nuclide are 
limited to the two possible J values, /+4, that can be 
excited by /=0 neutrons. In some ways unfortunate, 
this limitation nevertheless aids in interpretation of the 


data because the spins of the levels excited, which would 
be difficult to measure, are known approximately. 

The level spacing observed for a given isotope is de- 
termined by the spacing for the two sets of levels, with 
the contribution of each set somewhat uncertain because 
of lack of knowledge of their relative frequency. The 
general procedure in the present work has been to 
assume that J=/+4 and J/=/—}4 levels are equally 
probable and to determine the spacing for levels of a 
single J from the data simply by counting the levels ina 
given energy interval and multiplying by two. The 
symbol D without a subscript refers to this spacing for a 
single spin state. Although in principle D can easily be 
determined by counting the levels in a given energy 
interval, it is extremely important to determine if levels 
are being missed because of experimental conditions. 
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TABLE XI. Neutron widths of resonances of tantalum (;;Ta') based on a I’, of 50+10 mv. 











Reduced 
4 (1/m) X10 Area (% error) rs (% error) Weighted Tr. width Ir. 
(ev) (ev) (cm?/atom) (ev) (mv) r (mv) (mv) 
10.38+0.10 0.077 6050 0.118 (8) 46 (13) 0.2 4.5+0.5 1.40+0.17 
338 0.58 (7) 43 (24) 1.1 
13.95+0.12 0.090 1017 0.113 (10) 0.96 (9) <0.1 1.04+0.08 0.28+0.02 
338 0.285 (8) 1.35 (16) 0.3 
38.5 0.69 (10) 1.01 (28) 0.8 
20.5+0.2 0.11 1017 0.088 (12) 1.03 (13) <0.1 1.12+0.10 0.25:40.02 
338 0.255 (10) 1.33 (16) 0.3 
38.5 0.61 (6) 0.96 (22) 1.1 
38.5 0.62 (10) 1.02 (28) 0.7 
22.8+0.3 0.12 338 0.107 (25) 0.48 (33) <0.1 0.25+0.04 0.052+0.008 
38.5 0.29 (11) 0.20 (18) 0.3 
38.5 0.30 (20) 0.22 (33) 0.2 
24.0+0.3 0.12 6050 0.092 (25) 7.5 (28) <0.1 6.140.7 1.25+0.15 
1017 0.32 (10) 64 (18) 0.3 
338 0.48 (12) 5.0 (27) 0.3 
38.5 1.19 (10) 5.8 (25) 0.7 
38.5 1.14 (15) §.3 (31) 0.6 
30.1403 0.13 38.5 0.27 (12) 0.23 (21) 01 0.23240.05 0.042+0.009 
35.4+04 0.14 6050 0.126 (15) 15 (22) <0.1 1742 2.9404 
6050 0.156 (20) 20 (27) <0.1 
1017 0.49 (15) 18 (25) 0.2 
338 0.76 (15) 17 (33) 0.3 
36.1+0.4 0.14 6050 0.135 (15) 17 (18) 0.1 18+2 3.0+0.4 
6050 0.156 (20) 21 (23) 01 
1017 0.49 (15) 18 (28) 0.3 
338 0.76 (15) 17 (32) 0.3 
39.3+0.5 0.15 6050 0.33 (15) 55 (19) 0.1 515 8.1+0.8 
6050 0.37 (20) 65 (21) 0.1 
1017 0.82 (10) 48 (17) 0.3 
338 1.25 (10) 43 (18) 0.3 
49.4+0.6 0.17 338 0.117 (20) 1.08 (27) <0.1 1.1+0.3 0.16+0.04 
57.5+0.7 0.18 38.5 0.52 (25) 0.5 (48) 0.3 0.50.2 0.07 40.03 
62.9+0.8 0.19 338 0.39 (15) 8.6 (27) 0.1 10+2 1.25+0.25 
38.5 1.14 (15) 12 (34) 0.5 
77.2413 0.21 338 0.77 (15) 27 =—(28) 0.2 40+7 4.6+0.8 
38.5 2.63 (10) 47 (19) 0.2 
83.4+1.4 0.22 338 0.69 (15) 21 = (29) 0.2 21+6 2.340.7 
91.341.8 0.23 338 0.33 (25) 7 (36) <0.1 7+2 0.740.2 
99. 8+1.9 0.24 338 1.79 (10) 125 (21) 0.1 125+25 12.542.5 
106+ 2 0.25 338 0.56 (20) 16 (38) <0.1 16+6 1.6+0.6 
11622 0.26 338 1.14 (15) 64 (25) 0.2 64+ 16 6.0+1.5 


12743 0.27 338 0.70 (20) 


The analysis of Tm in Sec. III illustrates the method 
used to establish that all levels in a particular region 
have been found. In that case, for instance, investigation 
shows that a level with a I,” only } of the smallest I,” 
actually obtained could have been identified if present. 
The absence of levels of this magnitude indicates that 
levels are not being missed simply because of their small 
size. 

Levels will also be missed, of course, if they merge and 
are misinterpreted as single levels; this possibility was 
checked in the case of Tm by observing the rate of 
appearance of levels with neutron energy. This behavior, 
Fig. 3, indicates that levels are not missed in Tm until 
an energy of about 75 ev is reached. Still another way of 
considering the possibility of missed levels is by means 


28 (36) <O0.1 28+ 10 2.5+0.9 


of the size distribution of I’,”, for one can extrapolate the 
distribution of Fig. 4 back to zero width to obtain the 
total number of levels in a given energy range, hence the 
spacing. As this extrapolation covers such a small range 
in neutron width, it cannot change the total number of 
levels greatly. 

The level spacings thus obtained refer to an excitation 
energy just above the neutron binding energy, which 
energy is in the range 5 to 8 Mev for the nuclides con- 
sidered. Because of the rapid change of D with excitation 
energy, it is useful to convert the observed spacings to a 
specific value of the excitation energy for comparison 
purposes. If very accurate spacings could be obtained 
for many isotopes by the present method, it might be 
possible, by comparing spacings for different isotopes, to 
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Taste XII. Neutron widths of resonances of uranium (9:U™*) based on a I’, of 2545 mv for all resonances 
but the 6.7-ev resonance for which ',=24+2 mv. 


E 5 i/a) X10" Area ® error 
ey ey m?/atom ev 
6.70+0.06 0.054 22 500 0.039 (7 

7400 0.093 (5 
254 044 (2 
141 0.61 (2 
2092402 0.096 74600 0.164 (6 
7190 0.165 (7 
284 0.710 (3 
37 040.3 0.13 14.970 0.193 (7 
7190 0.32 (9 
3230 046 (5 
24 130 (3 
66.5+0.7 017 3230 0.34 x 
4258 0.76 (12 
85.1 141 (7 
33.3 2.2 15 
816+09 0.19 428 0.18 32 
33.3 0.77 18 
90+? 0%” 11.1 0.25 Ww 
11.1 0.31 0) 
104+2 0.21 3230 0.59 (15 
425 1.20 (5 
33.3 34 (18 
118+2 0.23 428 0.54 (9 
33.3 184 (16 
14643 0.27 33,3 0.58 (35 
166+3 0.27 33.3 1.0 0 
19244 0.29 428 164 (8 
33.3 57 (20 
1245 Os 22.2 3.0 ) 
242+6 03 2.2 3.0 »5 
258+6 03 22.2 0.72 4) 
7R+7 0.35 22.2 2.3 0 
197 +8 0.36 22.2 ) 2 0 
308 +9 0.40 22.2 15 25 
418+10 0.42 22.2 3.0 35 


with excita- 
that the 


get information on the vanation of spacing 


tion energy. However, because of the fact 


results at the present time are limited in number and 
statistical accuracy, the most profitable procedure seems 
to be to 


energy, using the usual 


convert the spacings to a single excitation 


empirical formula‘ for level 
density, 


w= 10°, D=a exp(b\/ E* 


Here u 


tion energy, and a and 6 are parameters that vary slowly 


is the number of levels per Mev, E* is the excita- 


with atomic weight. The level spacings obtained from 
counting the levels in given energy regions are shown in 
Table XIII together with the excitation energies to 
which they correspond, the latter being obtained from 
neutron binding energies. The spacings converted to 6 
Mev by means of Eq. (7) are also given in Table XIII; 
in most cases the energy correction is not large relative 
to the variation in D observed. It can be seen from the 
of Table XIII from Fig. 8, where the 


values and 


Reduced 
I's (% error) Weighted I. width I.* 
mv r (mv) (mv) 
1.59 (11) <0.1 1.52+0.07 0.59+0.03 
1.51 (8) 0.1 
1.47 (9) 2.0 
1.53 (9) 2.0 
8.6 (7) 0.1 8.5+0.4 1.86+0.11 
84 (10) 0.2 
8.6 (12) 1.4 
33.7 (9) 0.1 32.5419 5340.3 
32.5 (16) <0.1 
31.0 (13) 0.4 
32.7 (12 1.1 
26 (12) 0.2 25+2 3.140.3 
21 (31) 0.2 
23 (20) 0.5 
25 (33 0.3 
18 (44 <0.1 2.1+0.7 0.23+0.08 
2.4 (48) <0.1 
0.08 (40 <0.1 0.09+0.03 0.009+0.003 
0.11 (45) <0.1 
81 (27 <0.1 65+9 6.4+0.9 
62 (17 0.2 
56 33 0.2 
12 (18) <0.1 15+2 1.4+0.2 
26 (32 0.3 
0.9 (43 0.1 0.9+0.4 0.07+0.03 
24 (46 0.2 2.441.2 0.19+0.09 
27 (20 0.1 130+ 20 9441.7 
150 (36 <0.1 
57 50 0.1 +30 4+2 
oO (43 0.1 +30 4+2 
13 (48 0 1.3+0.6 0.08 +0.04 
40 (53 0.1 40+ 26 2.4+1.3 
40 (58 01 40+ 20 2.341.3 
130 (42 <0.1 130+50 7+3 
80 (60 <0.1 80+ 50 4+2 


adjusted D’s are given, that the level spacings at a given 
excitation energy are not a smooth function of atomic 
weight as would be expected** from the statistical model 
of the nucleus. Instead, a discontinuity of the order of 
100 occurs at the 82 neutron shell. Recent unpublished 
results obtained with the Van de Graaff at Duke Uni- 
versity and with fast choppers at Brookhaven and 
Argonne give a more pronounced discontinuity at 82 
neutrons as well as one of about 10° at 126 neutrons. 
Discontinuities in level spacing near ground at magic 
numbers is well known and the present results show 
definitely that the shell structure exerts a large effect on 
level spacings at 6-Mev excitation as well. The shell 
effect at high excitation had already been observed in 
the work of Hughes, Garth, and Levin” at excitation 
energy 1 Mev higher. In their work the level spacings 
were obtained from the absorption cross section in the 
J. M. B. Lang and K. J. Le Couter, Proc. Phys. Soc. (London) 


A67, 586 (1954) 
*® Hughes, Garth, and Levin, Phys. Rev. 91, 1423 (1953). 
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NO. OF NEUTRONS 


IN COMP'D NUCLEUS 


Fic. 8. The level spacings, D, adjusted to 6 Mev, as a function of neutron number in the compound nucleus. Each target nucleus is 


indicated and its spin is given in parentheses. The symbols 


, @, and A refer to odd Z-even N, even Z-odd N, and even Z-even N 


target nuclei, respectively. Points labeled with several isotopic numbers are averages for the isotopes 


Mev region but required knowledge of I’, in the calcula- 
tion. The recent measured I’,’s show that the assumed 
values of I, used by Hughes, Garth, and Levin were 
approximately correct; however, there is still some 
uncertainty in their D’s because of the unknown con- 
tribution of higher /’s in their measurements. 

It would be very interesting to establish other level- 
density variations but unfortunately sufficiently many 
nuclei have not been investigated to establish definite 
trends. Although some even-odd effects seem to be 
present in Fig. 8, the data are not extensive enough to 
establish them definitely. However, one effect that seems 
definite is the higher D for even-Z nuclei. It would be of 
great interest to investigate the dependence of D on 
level spin J; the present data, while not extensive, do 
not seem to show an effect as large as the 1/(2/+1) 
factor expected theoretically.** 


C. f,°/D Ratio 


In addition to the intrinsic interest of [f° and D 
individually, their ratio has an important bearing at 
present on nuclear models. The significance of the 


.’.°/D ratio follows direc tly from the discussion already 
given in IV A concerning the composition of neutron 
widths in terms of the intrinsic lifetime of a nuclear 
state and the penetrability of the nuclear surface. As the 
intrinsic lifetime of a state, fo, is approximately given by 
h/D, it follows that division of the neutron width by D 
removes the specific nuclear part, leaving only the 
penetrability of the nuclear surface, 


P,/D=p/2n. 


The relationship 4)=h/D follows directly” if the levels 
are considered to have equal spacing and it can be taken 
to hold approximately for actual level spacings as well, 
with D the average spacing. 

For a strongly absorbing or “black” nucleus, the 
penetrability of the sharp potential discontinuity that 
represents the nuclear surface is simply the ratio of the 
neutron wave vector outside (&) to that inside (K) the 
nucleus, 


p=4k/K =4(E/V)!, 


»V.F. Weisskopf, Helv. Phys. Acta 23, 187 (1950). 
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Tasie XIIL Observed level spacings in ev, corresponding to an 
excitation energy equa! to the neutron binding energy, and the 
spacings adjusted to 6 Mev as explained in the text 


CARTER, 





Excitation D (adjuated 
Target [ energy 6 Mev 
isotope Spir e Me ev 
«Mo* 5 370+ 120 9.15 1700 
oMo” 5 3704120 8.29 1200 
«Mo™+**™ 0 500+ 150 6.9 800 
In" 9 1422 7.2 35 
oin''* 9 1442 6.6 23 
soon"? 0 150+80 £0 500 
Sn"* 0 1530+70 7.3 350 
oon 1200+30 93 700 
snitt 0 200+ 100 6.6 10 
yon! I 300+ 140 86 1200 
soon'® 3 0 500 + 200 6.1 500 
Cs'™ 7 42+5 6.73 80 
eEu'* 5 2.2+0.3 5.7 1.6 
wlb'* 3 10.0+1.0 5.8 & 
«Ho'® 7 12.0+1.3 5.7 i) 
ol m'® 1/2 15+2 5.9 14 
Lu 7/2 7+2 66 7 
Hi <3/2 5.6+0.6 7.6 21 
»Hf” 3/2 8+2 74 Ae 
JHf"*'* 0 100+ 50 6.1 100 
Ta'* 7/2 90+1.0 6.03 9 
wl 0 18+2 4.87 5 


where E is the neutron energy and V the well depth 
Thus the ratio of the average reduced neutron width to 


the spacing D turns out to be a function of the well 


r. ae EE), ‘(-) 

D D dx\v/’ 
a ratio that is 1.010 
example 


dept! aione 


‘ for a 42-Mev well depth, for 


For a partially transparent nucleus, represented by a 
potential with a small complex component, the [,°/D 
ratio is not constant with atomic weight but exhibits 
optical interference maxima. The cloudy crystal ball 
model gives a ratio with peaks at A = 57 and 156, these 
positions being determined by the nuclear radius, R, 
he neutron 


possessing a simple relationship to t wave 


number inside the nucleus (K 


KR 


ne +4, 


with n= 2 and 3 for the peaks quoted. The heights of the 
peaks in the [,°/D ratio are fixed by the complex 
component of the potential; hence it is desirable to 
check the magnitude and location of the peaks in an 
investigation of the validity of the model 

Results on the [',"/D ratio, based mainly on Brook 
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haven fast-chopper work, have been published recently.® 
The present data are given in Fig. 9, which is essentially 
the same as the published results,’ with a few additional 
points as wel] as minor changes in the older results. The 
curve for a potential well V=42(1+70.03) Mev, corre- 
sponding to the model of Feshbach, Porter, and 
Weisskopf, is shown for comparison. The experimental 
results show a peak near the expected atomic weight but 
of much smaller magnitude and greater width than 
computed for this particular model. It should be re- 
membered that the parameters of the potential were 
adjusted to fit the neutron cross sections in the Mev 
region and not adjusted to fit the [’,°/D ratio. 

The disagreement of the present experimental results 
with the theoretical curve is probably related to the fact 
that the Mev cross sections, used to obtain the parame- 
ters, are a measure of the potential scattering alone 

gross elastic scattering in the terminology of Feshbach 
et al.). The [',°/D ratio on the other hand is related to 


the cross section for formation of the compound nucleus 
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Fic. 9. Comparison of experimental values of f°,°/D with theo 
retical predictions of the “black” and the “cloudy crystal ball” 
models of the nucleus. The symbols O, @, and A refer to odd 
Z-even N, even Z-odd N, and even Z-even N target nuclei, 
respectively 


and in the present work is completely separated from 
the potential scattering. In the resonance energy region 
it is of course possible to obtain separately the cross 
section for compound nucleus formation, as is done 
here, and to get the potential scattering as well. The 
latter can be accomplished by means of a study of the 
cross section between resonances although very little has 
been done on this problem. 

On the theoretical side there are several possibilities 
for modifications of the model that will reduce the com- 
pound nucleus formation cross section, and hence lower 
the [',°/D ratio, without changing the potential scat- 
tering, which already agrees with the Mev results. 
These possibilities include changing the sharp nuclear 
boundary to a diffuse boundary," coupling of the 
incoming neutron to the low-lying rotational levels,” 


*C. E. Porter and V. F. Weisskopf (private communication). 
= A. Bohr and B. R. Mottleson (private communication). 














% 





and concentrating the cloudiness of the crystal at the 
nuclear surface.” Some of these theoretical possibilities 
can be tested by means of the [°,°/D ratio but it would 
be necessary to increase the number of nuclides studied 
as well as the statistical accuracy for individual nuclides. 


* H. Amster and V. F. Weisskopf (private communication). 
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Photoprotons from Oxygen? 
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The cross section and angular distribution of the O'*(y,p)N" reaction have been obtained for photon 
energies between 13.5 and 18.7 Mev, i.e., below the expected position of the giant resonance. The angular 
distribution indicated that the reaction proceeded predominantly through electric quadrupole or magnetic 
dipole absorption of photons, even though electric dipole transitions are allowed by isotopic spin selection 
rules. Suggestions are made regarding this forbiddenness of electric dipole absorption 


INTRODUCTION 


’ TUDIES of photon absorption in oxygen have almost 
always used the (y,a),' (y,4a),? or (y,)*“ reactions. 
The only exception is the work of Wiaffler and Younis,' 
who also obtained the (y,p) cross section at 17.6 Mev, 
using y rays from the Li’(p,7)Be® reaction. 

It has been shown that if the assumption of the charge 
independence of nuclear forces is made, then it is ex- 
pected that the (y,a) reaction is forbidden to proceed via 
electric dipole absorption for energies below about 25 
Mev.* This appears to be substantiated by experiment. 
The work of Penfold and the author‘ on the fine struc- 
ture in the (y,m) activation curve suggests that the 
(yn) reaction below 19 Mev proceeds by electric 
quadrupole and magnetic dipole absorption of photons. 
However, this suggestion was made on the basis of 
comparison of radiative widths to relatively inaccurate 
theoretical estimates. Therefore, it was deemed worth- 
while to seek further information on the mechanism of 
photon absorption in oxygen below 20 Mev. 

The experiment reported here was performed to ob- 
tain the cross-section and angular distribution for the 
O'*(y,p)N™ reaction between 13.5 and 18.7 Mev. 


t Supported in part by the joint program of the Office of Naval 
nana and the U. S. Atomic Energy Commission 

* Fulbright Fellow, on leave from the Physics Department, 
University of Melbourne, Melbourne, Australia. 
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EXPERIMENTAL ARRANGEMENT 


The photon source used in this experiment was a 
bremsstrahlung spectrum of maximum energy 18.7 Mev. 
The x-ray beam was collimated with lead to a pencil of 
angular diameter 0.012 radian, or a diameter of 1 cm at 
the center of the gas target, 90 cm from the source of 
x-rays. The scattering chamber used was similar to the 
one described by Fuller.* The line-up of the x-ray beam 
with respect to the scattering chamber was checked 
before each run by means of pictures of the beam taken 
on dental x-ray film. These films were positioned accu- 
rately with respect to the scattering chamber. 

The scattering chamber contained oxygen gas at a 
pressure of one atmosphere. The gas acted as the target 
for the x-rays. Protons were detected in a pair of 1X 3- 
inch 100-micron Ilford G-Special emulsions, which were 
placed parallel to, and to one side of, the x-ray beam. 
The emulsions were 0.87 cm apart, and their near edge 
was 2.40 cm from the center of the x-ray beam. Two sets 
of exposures were mace, and in each case the dose at the 
scattering chamber was 5300 roentgens, as indicated by 
a Victoreen thimble at the center of an 8-cm cube of 
Lucite. 

The emulsions were processed according to the dry 
development technique described by Beiser.? Observa- 
tions on the tracks were made with two Leitz-Wetzlar 
binocular microscopes, using 53 objective and K8 
ocular. This combination gave a field of view that was 
approximately 200 microns in diameter. Plates were 
searched by taking six-centimeter swaths along their 
long dimension. 

Measurements made on the proton tracks were the 

* E. G. Fuller, Phys. Rev. 79, 303 (1950). 

’ A. Beiser, Revs. Modern Phys. 24, 273 (1952). 
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reference 4). The background which was subtracted is indicated 
by the shaded histogram 


projection of the range on to the plane of the emulsion, 
the angle, 9, of this projection to the beam direction, and 
the final depth in the emulsion reached by the track. To 
be accepted, the track was required to start at the 
surface of the emulsion, and to have a direction com- 
patible with an origin in the irradiated part of the gas 
target. This latter condition required that the maximum 
allowable angle of dip, g, was 23° at the front of the 
plate, decreasing to 11.5° at the back of the plate. The 
acceptable angular range in 6 was 20° to 160°, 

The background which arises from (n,p) reactions in 
the oxygen gas is negligible since the threshold for this 
reaction is 10.2 Mev (energy in the laboratory system). 
Therefore, the only source of background is due to 
neutrons produced in the collimator giving rise to recoil 
protons in the emulsion. Estimation of this background 
was made as follows. The emulsions were actually 
scanned over the angular regions 20°<8< 160° and 
200° <@< 340°. For both these regions the same selec- 
tion rules were applied. The tracks were required to 
start at the surface of the emulsion, and the angle of dip 
was to satisfy the conditions described previously. Those 
tracks which were in the angular region 200° < @< 340 
were taken as the background These protons could not 
have come from the target since their direction of 
motion was towards it. This method of estimating the 
background assumes that these recoil protons are pro- 
duced symmetrically in @ about the direction of the 
x-ray beam. The background was approximately 11 
percent of the acceptable photoproton tracks. 


TREATMENT OF DATA 


The energy of the proton at the surface of the 
emulsion was obtained from the range-energy data for 
Ilford emulsions given by Wilkins.* The energy lost by 
the proton in the gas between target and emulsion was 
calculated by using the energy loss tables of Aron, 
Hoffman, and Williams.’ The energy loss formula was 

* J. J. Wilkins, Atomic Energy Research Establishment, Harwell 
Report G/R 664, 1951 (unpublished) 


* Aron, Hoffman, and Williams, Atomic Energy Commission 
Report 663, 1949 (unpublished) 
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approximated by 


—dE/dx= (0.1361/E){InE+ 2.2239} Mev/cm, 


and this formula agrees with Aron’s tables to within } 


percent for the range of proton energies considered. The 
procedure for obtaining the initial energy from the 
energy at the emulsion surface and the distance 
traveled in the gas has been described previously.” All 
protons were assumed to start at the center of the x-ray 
beam. The distance travelled in the gas was obtained 
from the angle of the track to the beam direction and the 
known position of the track in the plate. 

Uncertainty in the measurement of proton energy is 
made up of three factors. They are (i) the uncertainty in 
locating the beginning of the track, (ii) the uncertainty 
in energy due to range straggling in the emulsion, and 
(iii) the finite thickness of the gas target. Consideration 
of these three factors gave a figure of +90 kev uncer- 
tainty in energy for 3-Mev protons, and larger un- 
certainties for protons of lower energy. 

To plot the angular distribution, the data were 
grouped into 20° angular intervals, according to the 
angle the tracks made with the x-ray beam in the 
laboratory system. The mean differential cross section 
was calculated from the number of tracks per 20° 
interval, by making a correction for the solid angle 
subtended by each interval at the position of the track. 
This solid angle correction factor is very closely 
(sin®)»,°" where (sin®),, is the mean value of sin@ over 
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PHOTOPROTONS FROM O 35 


RESULTS AND DISCUSSIONS 


The observed energy distribution and angular distri- 
bution of photoprotons are shown in Figs. 1 and 2. 

The irradiation energy of 18.7 Mev was chosen so that 
only the ground state in the residual nucleus, N', was 
available. Protons leaving N" in the 5.28- or 5.31-Mev 
states were not detected, since the minimum proton 
energy detected was 1.5 Mev. This is illustrated by the 
energy level diagram in Fig. 3. The magnitude of the 
uncertainty in proton energy forbade the definite resolu- 
tion of proton groups corresponding to the excitation of 
discrete levels in the compound nucleus O%*, 

Knowing that only one state of N" was available in 
this reaction, it was possible to determine the energy of 
the photon causing a particular event, from the proton 
energy. The threshold energy for the reaction is known 
to be 12.11+0.01 Mev from mass data."' We then obtain 
a relative cross section curve from the energy distribu- 
tion shown by dividing out the relative number of 
photons per unit energy interval. The cross section 
obtained is shown in Fig. 4. 

The yield of protons at 18.5 Mev was calculated from 
the formula 


4r\ 1 


Y= ; 
d2-R MV 

where ¥ is the yield of protons per mole per roentgen, R 
is the dose given in roentgens, V is the effective volume 
of the gas target (cm*), V is the number of tracks per 
unit area of the emulsion, M is the number of moles/cm* 
at the gas pressure used, and dQ is the mean solid angle 
at the target subtended by unit area on the emulsion. 

430 tracks were found and measured on a scanned area 
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Fic. 3. Energy level diagram. The levels shown are known from 
other reactions. Maximum photon energy is 18.7 Mev. (y,f) 
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of 8.84 cm?. Using this in the aforementioned formula, 
one finds the yield of protons at 18.7 Mev to be 4X 10* 
protons per mole per roentgen. This may be compared 
with (y,n) yields at 18 Mev of 5X 10° neutrons per mole 
per r,” and 10* neutrons per mole per r."* The (7,p) yield 
is expected to be higher than the (y,n) because of its 
lower threshold energy. 
Now 


Eo 
Y= ef P(E,Eo)o(E)dE, 


0 


where P(E,E,)dE is the number of photons per cm? per r 
between energies E and E+dE, in a spectrum of maxi- 
mum energy Eo, and o(£) is the cross section at energy 
E. The & is a constant. By putting in the value of & such 
that the cross section is given in millibarns, and the 
yield in protons per mole per r, a value of 11 Mev- 
millibarns is obtained for fs.:%* odE if the P(E,E») is 
removed from the integral as (P(E,Eo))«. Having this, 
absolute values may be put on the cross-section curve in 
Fig. 4. Also shown in that figure is the cross-section 
value obtained by using the lithium y rays.' 

It should be noted that this measurement excludes the 
energy region where the giant resonance is expected to 
occur. Therefore, the cross section is expected to have a 
second peak at about 22 Mev, as indicated by the (y,) 
cross-section measurements of Montalbetti and Katz.” 

The angular distribution has the form a+} cos’, with 
a approximately equal! to 6. This form was also obtained 
when angular distributions were plotted separately for 
protons of energy less than 3 Mev, and for those with 
energy greater than 3 Mev. The angular distribution 
may be compared with the forms calculated" by using 

2 R. Montalbetti and L. Katz, Can. J. Phys. 31, 798 (1953). 


4G. A. Price and D. W. Kerst, Phys. Rev. 77, 806 (1950). 
“ J. H. Smith (private communication). 
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Taste I. Theoretical angular distributions. 
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assumed values for the spin and parity of the inter- 
mediate state (see Table I). J, is the spin of the initial 
state, Jz is the spin of the intermediate state, /, is the 
angular momentum carried in by the photon, /, is the 
emitted proton’s orbital angular momentum, and Jc is 
the final channel spin, which is obtained by adding 
vectorially the spin of the fina] state of the residual 
nucleus and the intrinsic spin of the outgoing proton 
The spin of N'* ground state is 4 

The only cases which give a distribution of the same 
form as the observed distribution are those for electric 
quadrupole absorption leading to emission of p-wave 
protons, and for magnetic dipole absorption, p-wave 
proton emission, and a final channel spin Jc=1. In 
practice, it is not possible to separate out the contribu- 
tions of different final channel spins, and so the angular 
distribution for magnetic dipole absorption must be 
written a sin*#+ 6(1+-cos*@). The a and b here are both 
positive. The conclusion that the reaction proceeds 
predominantly by electric quadrupole and magnetic 
dipole absorption confirms the tentative conclusion 
drawn in the activation work of Penfold and Spicer.‘ 

Using the assumption of charge independence of 
nuclear forces, Gell-Mann and Telegdi® showed that the 
expected threshold for the allowed, electric dipole- 
induced (y,a) reaction in O"* is about 25 Mev. This is 
apparently confirmed by experiment, as Livesey and 
Smith? report a change in mechanism in this reaction at 
about 25 Mev. However, the isotopic spin selection 
rules, while forbidding the (y,a) reaction below 19 Mev, 
do not forbid the (y,p) or (y,#) reactions in this region. 
In fact, the (y,p) and (y,n) reactions are allowed to 
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proceed via electric dipole absorption from 13 Mev up. 
One must therefore seek another reason for the for- 
biddenness of £1 absorption between 13 and 19 Mev. 
Some possible reasons for this forbiddenness are: 

(i) The number of 1~ levels in O'* between 13 and 18 
Mev is zero or very small. This explanation does not 
appear reasonable since the spacing of 1~ levels is known 
tc be 600 kev at 13 Mev," and at 20 Mev is about 
120 kev.‘ 

(ii) The alpha-particle model for photon reactions 
put forward tentatively by Levinger and Bethe" ac- 
counts for this lack of dipole transitions. In this model, 
no electric dipole transitions can occur until the photon 
has enough energy to disrupt a particular alpha particle 
by a dipole transition, and this energy is about 20 Mev. 

(iii) There is a selection rule, as yet unknown, which 
forbids electric dipole transitions in the case discussed 
above, and other similar cases. 

The success of the alpha-particle model in accounting 
for most energy levels in O"* up to 13 Mev"* gives reason 
to believe that explanation (ii) may hold in the case of 
the oxygen nucleus. However, similar studies of other 
nuclei, where the a-particle model does not have such 
success would help to discriminate between explanations 
(ii) and (iii). In this regard, it is interesting to note that 
photoreactions in some other nuclei do have double- 
peaked cross section versus energy curves. Examples are 
Li’ (y,p),!7 O'8(y,n),4 N(y,n),"8 and F!*(y,n).!* 
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Decay Properties of U***} 


Frank ASARO AND I. PERLMAN 
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The alpha and gamma spectra of U™ have been studied with an alpha-particle spectrograph and gamma- 
ray scintillation, proportional, and coincidence counters. Alpha groups of 5.318 Mev (68 percent), 5.261 Mev 
(32 percent) and 5.134 Mev (0.32 percent) and gamma rays of 57.9 kev (0.21 percent), 131 kev (0.075 
percent), 268 kev (0.004 percent), and 326 kev (0.004 percent) were observed. The half-life of the 58-kev first 
excited state of Th™* was found to be less than 10 microseconds. Spins and parities are assigned to the energy 
levels, and the results are evaluated with respect to the developing theory and systematics of complex alpha 
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spectra and excited states of even-even nuclei. 


INTRODUCTION 


HE uranium isotope, U™, is a beta-stable alpha 
emitter with a half-life of 73.6 years! and was first 
identified following its growth from the shorter-lived 
8--emitter Pa** which had been prepared by the (d,2n) 
reaction on Th*.* The alpha-particle energy has been 
determined by range measurement as 5.31 Mev’ and 
5.27 Mev.‘ It could be inferred that the U™ alpha 
spectrum was complex because prominent conversion 
electrons of an ~60-kev gamma ray were observed in 
coincidence with alpha tracks in a photographic emul- 
sion.’ An early part of the present study, in which there 
was found an alpha group of 58-kev lower energy than 
the main group, has already been reported.® 
There has been added recent interest in the alpha 
spectra of even-even nuclei because they display promi- 
nently series of energy levels which have been inter- 
preted as rotational states.*~* The theory of Bohr and 
Mottelson which explains these rotational bands as a 
consequence of collective motions in highly deformed 
nuclei predicts a simple relationship of the energy 
spacing between members of the band: Eyo.« J(7+1), 
where 7 refers to the spin which in this case is restricted 
to even integral numbers. As will be mentioned further 
in the Discussion, this simple expression applies to a 
limiting condition in which the rotational frequency is 
sufficiently slow to allow the nuclear structure to adjust 
adiabatically to the changing electric field. Where this 





+ This work was performed under the auspices of the U. S 
Atomic Energy Commission 
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situation does not apply, the rotational levels are per- 
turbed and correction terms must be applied. It is noted 
that the heaviest nuclei show “pure” rotational bands 
and as the closed-shell region around lead is approached 
the perturbation becomes more and more severe. In this 
context, it will be seen that Th”* (alpha decay of U™*) 
shows a just discernible departure from the ideal case 
and therefore represents the entry into the “light- 
element” or closed-shell region. 

Another aspect of note in the decay of U™ is the 
appearance of a low-lying level which does not belong to 
the rotational band. This particular state with spin 1, 
odd parity, occurs in a limited region (around 136 
neutrons). It was the subject of another publication” 
and will be discussed further below. 


METHODS 


Preparation of source.—The U™ sources for the 
present study were prepared in two ways. In one of 
these, Th™* was bombarded with protons resulting in 
U™ by the following reactions": 


8 
Th**(p,n)Pa® — U*, 


The other method involved intensive neutron irradia- 
tion of ionium (Th™): 


8 B 
Th™(n,y)Th™ — Pa™' (n,y)Pa™ — U™. 


Inasmuch as Th” was present in the irradiated ionium, 
U™ was also made by a first-order neutron capture 
reaction. However, its contribution to the radioactivity 
was quite insignificant; the alpha spectrum showed a 
possible peak of the U™ position of maximum intensity 
0.06 percent relative to the U™ groups. The factors 
which produced this favorable ratio were: (1) the ionium 
had been considerably enriched by electromagnetic 
separation” from the initial source materials, (2) the 


Stephens, Asaro, and Perlman, Phys. Rev. 96, 1568 (1954) 
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Harmatz, McCurdy, and Case, Oak Ridge National Laboratory 
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F. ASARO AND I. PERLMAN 
Taste I. Alpha-particle spectrograph exposures. 
. Slit width of Duration Activity of Time after 
Exposure spectrograph of sample Th* 
number Source of U™ source (inch exposure (dis/minute) removal 
s 
134 Th*(p,n)Pa®" — U™ x1 46 hr 10° ~™1 week 
I iF. >» 33 
an 2 
245 o™(n,7) TH — Pa x1 14 br 6X 108 ~1 month 
Pa™ (n,7)Pa™ — U™ 
277 Same sample as used in 0.018 } 46 hr 7 months 
exposure 245 
278 Same sample as used in 0.018X } 47 min 7 months 


45 


exposure 











neutron capture cross sections” for Th” and Pa™ are 
much larger than that for Th™, (3) the half-life for U™ 
is long compared with U™, and (4) the uranium was 
separated before all of the intermediate Pa™ had de- 
cayed to U™, 

Alpha-particle spectra.—All samples for the alpha- 
particle spectrograph were prepared by vacuum sublii- 
mation of the chloride onto a platinum plate which was 
masked to present a band 1 inch} inch. This sample 
mounting technique, as well as the equipment and 
methods for taking alpha spectra, have been described 
in earlier reports.'*~'* As before, the alpha particles were 
caught on a photographic plate and the track count was 
plotted according to position on the plate. 

Gamma-ray measurement.-Gamma-ray spectra were 
measured for the most part with a sodium iodide 
scintillation counter coupled to a 50-channel pulse- 
height analyzer. In some experiments a xenon-filled 
proportional counter was used to produce the pulse for 
the analyzer. 

Coincidence counting methods used in this and similar 
studies have been described elsewhere."*’ Briefly, a 
gamma-ray pulse is fed into a 50-channel pulse-height 
analyzer which registers only when triggered through a 
gate circuit. For aloha-gamma coincidences the pulse 
produced by a zinc sulfide screen in optical contact with 
a photomultiplier tube is used to open the gate; for 
gamma-gamma coincidences, another sodium iodide 
crystal counter was used. 


RESULTS 
Alpha Spectrum 


Four exposures, involving two U™ preparations, were 
made and the histories are given in Table I. The first 


members of the Electronuclear Research Division of Oak Ridge 
National Laboratory for making some enriched ionium available 
to us 

4 See: Neutron Cross-Sections, U. S. Atomic Energy Commission 
Report AECU-2040 (Technical Information Division, Depart 
ment of Commerce, Washington, D. C., 1952) 

“F_L. Reynolds, Rev. Sci. Instr. 22, 749 (1951) 

‘6 Asaro, Reynolds, and Perlman, Phys. Rev. 87, 277 (1952) 

* Asaro, Thompson, and Perlman, Phys. Rev. 92, 694 (1953) 
‘7 Asaro, Stephens, Thompson, and Periman, Phys. Kev. 98, 19 
1955 


measurement (Exp. 134) was made with a relatively 
weak sample before more active preparations had been 
made. Numbers 245 and 277 were moderately long ex- 
posures of an intense source aimed principally at finding 
low-intensity alpha groups. The more intense alpha 
groups register too many tracks for convenient count- 
ing. A shorter exposure (Exp. 278) was then made to get 
more accurate data on the abundances and energies of 
the most prominent groups. 

As a result of these several experiments, three alpha 
groups were found for U™ as summarized in Table II. 
Two of these are the characteristic high-intensity groups 
of an even-even alpha emitter leading to the ground 
state and first excited state of the product. The energy 
of the main group was found to be 5.318 +0.002 Mev 
and the second group was lower in energy by 57.2+1.2 
kev. (The 5.421-Mev '* alpha group of Th™*, which grew 
into the U™ sample, was used as the energy standard 
for these measurements.) When the differences in recoil 
energies from the two alpha groups are included, the 
first excited state is found to lie at 58.2 kev. The in- 
tensity of ass was found to be 32 percent.” 

Besides the two principal groups a weak alpha group 
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Fic. 1. U® alpha spectrum with daughters partially grown in. 
——— Exposure 277. Exposure 278 (ordinate scale should be 
multiplied by 2) 


4 Asaro, Stephens, and Perlman, Phys. Rev. 92, 1495 (1953). 
® aw refers to the alpha group leading to the 58-kev state. 
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Taste II. Results of spectrograph exposures. 
Separation 
between ae Intensity Intensity a particle a particle 
a particle and aw of aw a decay a@ decay ae energy of energy 
energy including relative energy energy relative US ao U™ au 
separation difference to total separation separation to total relative to relative to 
ween ao in nuclear UMa between aw between ap U4 Th** ae Th*** ae 
Exposure and as recoil particles and ew and avs particles (5.421 Mev) (5.421 Mev) 
number (kev) (kev) (%) (kev) (kev) (%) (Mev) (Mev) 
134 5842 59.5 31 oe sah iis 
245 5544 56 35 nae 189 0.3 5.317 on 
277 RG Ne Pe 129.5 i 0.32+0.03 es 5.26042 
278 57.2+1.2 58.2 3241 ia shel 5.31842 5.26142 
Best 57.2 58.2 32 188 0.32 5.318 
value 














of 0.32 percent abundance was identified as belonging to 
U™. This group leads to a state 188 kev above the 
ground state. Gamma rays originating from this state 
and others will be described below. No other alpha 
groups belonging to U* were noted but the limits of 
detection varied with the proximity to the observed 
groups. Over the energy range 5.07 Mev—+4.83 Mev an 
upper limit of 0.01 percent could be set. At 4.822 Mev 
there was a small peak (0.06 percent of the U™ in- 
tensity) which is probably due to U™ as the energy 
agreement is good and it is expected that there would be 
some present. 

The alpha spectrum of U™ with some of its daughter 
activities is shown in Fig. 1. The solid line curve was 
obtained from Exp. 277 in which the principal peaks 
were too strong to be counted. The positions and 
intensities of the strong groups taken from Exp. 278 
are shown as the broken line curve of Fig. 1. 


Gamma Rays and Decay Scheme 


The partial decay scheme for U™ based on the present 
studies is shown in Fig. 2. It will be noted that a third 
excited level in Th®”* is indicated by gamma radiation 
although the alpha group p(pulating this state could 
not be seen. The experiments will be discussed in terms 
of the successive energy levels. Some of the gamma rays 
measured were extremely weak in intensity and a 
number of measurements of the gamma spectrum were 
made after repeated and varied chemical purification 
steps to make certain that these radiations did not arise 
from Th*™* decay products. The only nonseparable 
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substance which could have been present was U™ and 
an upper limit to its intensity could be set on the basis 
of the alpha spectrum. 

The measurements on the photons included: (1) 
identification and intensity measurements with a scin- 
tillation spectrometer, (2) alpha-gamma and gamma- 
gamma coincidence determinations, (3) xenon-filled 
proportional counter measurements of energy. In all, 13 
sets of measurements were made employing six different 
repurified samples of U** from a common original stock. 

The 58-kev state.—As indicated by the alpha spectrum, 
the first excited state lies at 58.2+1.2 kev and is 
populated directly to the extent of 32 percent. Further 
possible population of this state by transitions from 
higher states cannot be much in excess of 0.32 percent. 

Several measurements with the scintillation spec- 
trometer in which the 59.6-kev gamma ray of Am™' was 
used as an energy standard showed a peak at 57 to 58 
kev. Two measurements with a xenon-filled proportional 
counter gave the best energy determination as 57.9+0.3 
kev. The prominent Am*™' photon also served as an 
intensity standard. The best determination of the 
intensity was 2.1X10~* relative to total alpha dis- 
integrations. The total conversion coefficient is therefore 
152 which agrees well with the value 120 for the L-shell 
conversion coefficient for an £2 transition which was 
estimated from available theoretical data.” This as- 
signment confirms the expected 2+ designation for the 
first excited state of Th™*. 

This same state has been observed by others”™-™ in 
the beta spectrum of MsTh,(Ac**). Brodie® gave the 
energy of the transition as 57.0 kev and Kyles, Campbell, 
and Henderson™ reported 56.75 kev. These two reports 
concluded that the transition is £2 although the con- 
version coefficients differed somewhat from those de- 
duced here. 

A puzzling feature of the 58-kev transition is an ap- 
parent discrepancy concerning the lifetime of the 2+ 


® Rose, Goertzel, and Swift, Tables of Comversion Coefficients 
(privately circulated). 

™ Gellman, Griffith, and Stanley, Phys. Rev. 85, 944 (1952). 

"1D. H. Black, Proc. Roy. Soc. (London) A106, 632 (1944). 

*W. D. Brodie, Proc. _ Soc. (London) A67, 265 (1954). 

™ Kyles, Campbell, and Henderson, Proc. Phys. Soc. (London) 
A66, 519 (1953). 
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state. Two groups” working on the beta spectrum of 
MsTh; have reported the lifetime of this state to be 
greater than 10 milliseconds. A third group has reported 
the lifetime to be larger than 0.5 second.** From the 
present results it is deduced that the lifetime of this 
state is less than 10 microseconds. In two measurements 
the coincidence rate between alpha particles and 58-kev 
gamma rays was 0.16 percent and 0.18 percent per alpha 
particle. These values correspond within experimental 
error with the above-mentioned intensity of 0.21 percent 
for the 58-kev photon, showing that it is in coincidence 
with the alpha particles within the resolving time of the 
coincidence circuit which was about 10 microseconds. In 
addition coincidences were observed between the 130- 
kev gamma ray and L x-rays. These L x-rays arise 
mainly from the conversion of the 58-kev gamma ray. 

It is probable that the methods*-** by which delays 
between the events were noted could not distinguish 
between a long delay and a very rapid coincidence. It is 
to be expected’ *’ that, in a region such as this well away 
from closed shells, the £2 transitions from the first 
excited state would be abnormally rapid rather than 
slow. 

The 188-kev stale.-A state at this energy is defined 
uniquely by the existence of a U* alpha group with an 
energy lower than the ground state transition by the 
appropriate amount. As already mentioned, this state is 
populated to the extent of about 0.32 percent. 

The only gamma-ray transition observed in the 
present study which depopulates this state is one of 131 
kev. It leads from the 188-kev state to the 58-kev state 
as determined by gamma-gamma coincidence measure- 
ments between 131- and 58-kev photons and between 
the 131-kev gamma ray and L x-rays. This situation is 
similar to that of other even-even nuclei among the 
heavy elements in which a series of states exist which are 
believed to belong to a rotational band and follow the 
sequence 0+, 2+, 4+, ---. In none of these cases has a 
crossover transition been seen from the second even spin 
state to the ground state. It remains now to be seen if 
some of the other criteria for this sequence exist. 

One of the properties of a pure rotational spectrum is 
that the energy spacings are proportional to /(/+-1), 
where J is the spin. The ratio of energies between the 
spin 4 and spin 2 states should be accordingly 20/6 or 
3.33. In the present situation the ratio is 188/58 or 3.24. 

If the 131-kev transition takes place between 4+ and 
2+ states it must be of pure £2 character. Two measure- 
ments were made of the alpha-gamma coincidence rate 
for the 131-kev gamma ray. These gave intensities for 
the gamma ray of 0.05 and 0.06 percent. Two more 
precise measurements of the gamma spectrum gave a 
value of 0.075 percent for the best intensity of the 131- 
kev gamma ray. Inasmuch as the 188-kev state is 
populated to the extent of 0.32 percent the conversion 
* Lecoin, Perey, and Teillac, one radium 10, 33 (1949). 


* F. Suzor and G. Charpak, J. phys. radium 15, 682 (1954). 
* M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951) 
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coefficient becomes ~3.2. This isin good agreement with 
the expectations for an £2 transition, it is definitely too 
high for an £1 transition, and is about a factor of 3 too 
low for an M1 transition. There is some radiation ob- 
served at about 85 kev (see Fig. 3.) Although it may 
include scattered radiation from the 131-kev gamma 
ray, its abundance represents the maximum intensity of 
K x-rays in the decay of U™. This abundance is 0.4 of 
the abundance of the 131-kev gamma ray, giving a 
maximum XK conversion coefficient of 0.4. This is in good 
agreement with the expectations for an E2 transition 
but is a factor of 20 too low for an M1 transition. 

A gamma-ray transition of about this energy (128 
kev) was studied by Brodie* and by Kyles, Campbell, 
and Henderson™ in the conversion electron spectrum 
from MsThs. As pointed out™ the Z subshell conversion 
ratios and the low limit set on the K conversion indicates 
an £2 transition, with which our conclusions agree. The 
same gamma ray (129 kev) was seen by Box ‘and 
Klaiber® using a scintillation spectrometer. 

These workers”™ also studied a transition of about 
184 kev which they interpreted as an M1 transition and 
in their decay scheme was placed as the crossover 
transition from a level of this energy to the ground 
state for which the cascading transitions are those of 
128 kev and 58 kev. In order to fit spins and parities to 
these conditions the sequence for the ground state and 
next two higher states was postulated™ to be 0+, 2+, 
1+. There are two reasons why a state at 184 kev which 
meets this condition cannot be the same as our 188-kev 
state defined by the alpha decay of U™. In the first 
place an even-even alpha emitter cannot populate 
directly a state of odd spin and even parity. The other 
argument has to do with intensities of gamma rays. 
According to the data and deductions of Brodie® and 
of Kyles and co-workers,” the intensities of the 128-kev 
and 184-kev photons should be about the same. From 
our measurements the intensity of the 131-kev gamma 
ray is at least 30 times greater than a peak at 184 kev 
(see Fig. 3). In order to reconcile these results it is 
necessary to say that either there is a 1+ state at 
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Fic. 3. U™ low-energy gamma spectrum. 
* H. C. Box and G. S. Klaiber, Phys. Rev. 95, 1247 (1954). 
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184-kev (populated from the beta decay of MsThg) 
which is different from our 188-kev state (from alpha 
decay of U™) or the observed 184-kev transition in- 
volves higher-lying states of Th”* which also would not 
be expected to be seen in alpha decay processes. An 
added datum which must be considered in the over-all 
interpretation is the failure of Box and Klaiber** to 
observe 4 184-kev photon in their scintillation counter 
study of MsTh:. This could imply a high conversion 
coefficient for the 184-kev transition although it is 
rather difficult to set limits on the basis of their reported 
data. 

The 326-kev state-—From the present work a level at 
this energy (see Fig. 2) could only be inferred from 
gamma-ray measurements, as the alpha-particle in- 
tensity is apparently too weak for direct detection. The 
evidence for the state is based on the observation of two 
gamma rays of 326 and 268 kev (see Fig. 4). The energy 
differences alone suggest transitions from a 326-kev 
level to the ground state and the 58-kev state, re- 
spectively. 

The intensities of the two peaks as determined with 
the scintillation spectrometer were both about the same 
and amounted to about 4X10-* percent of the total 
alpha disintegrations for each. An alpha-gamma coinci- 
dence measurement for the 268-kev gamma ray gave an 
intensity of 5X 10~* percent. Similarly, if L x-rays were 
used to gate the scintillation spectrometer it was found 
that the 268-kev gamma rays were in coincidence and 
the intensity came out to be 3X 10~* percent per alpha 
particle. Much less abundant coincidences with L x-rays 
were found for the 326-kev gamma ray. Because the 
L x-rays arise predominantly from the 58-kev transition 
it is probable that the 268-kev gamma ray goes to the 
58-kev state and the 326-kev gamma ray does not. The 
L x-ray coincidences with the 326-kev gamma ray could 
be due to impurities or to the decay of still higher 
excited states populated by U™ alpha emission. 

These intensity, coincidence, and energy considera- 
tions imply that a single state at 326 kev is responsible 
for both of these photons as shown in Fig. 2. Box and 
Klaiber* also found a pair of gamma rays differing by 58 
kev and having approximately the energies seen here. 
Their values were 336 and 278 kev. Furthermore, they 
found coincidences between both of these and a gamma 
ray of 790 kev, which is also consistent with the suppo- 
sition that both originate from a common level. How- 
ever, the spectrum shown by these authors would 
indicate that the 336-kev gamma ray is at least twice as 
intense as the 278-kev gamma ray while in our measure- 
ments the 278-kev photon seemed to be somewhat more 
intense. This may suggest that there are two gamma 
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rays of about 336 kev, one of which occupies the position 
as shown by us (and by Box and Klaiber) and the other 
is a transition between higher levels. Significantly, 
Kyles and co-workers™ report conversion lines from a 
gamma ray of 336 kev but not from one at 278 kev. 

In the absence of conversion coefficient data for our 
326- and 268-kev transitions it is not possible to 
characterize them with certainty. We have been led to 
assign the 326-kev level 1— and consequently the 
transitions E1 by analogy with the well-characterized 
1— levels found from other even-even alpha emitters in 
this region."® 


DISCUSSION AND SUMMARY 


The decay scheme for U® shown in Fig. 2 bears a 
strong resemblance to those of other even-even alpha 
emitters in this region. In each case a rotational band 
consisting of 0+, 2+, and 4+ states is seen. In some 
cases the 1— state lies between the 2+ and 4+ states 
but for U™ decay it lies above the 4+ state. Just as in 
other cases, two £2 transitions are seen which cascade 
from the 4+ to the 2+ and 0+ (ground state). The 1— 
state is de-excited by competing E1 transitions to the 
2+ and 0+ states. To be sure, further information must 
be obtained to get independent evidence that the 
transitions in question for U™ are indeed £1. 

As has already been discussed, there is a partial 
correlation of the energy levels found in the present 
study from the alpha decay of U™ and those from the 
beta decay of MsTh, found by others. There are also 
sorae points of apparent disagreement. Because of the 
extreme complexity of the MsTh, spectrum it is not 
possible to resolve these difficulties readily from existing 
data. Some of the information worth seeking in future 
studies on MsTh; has been mentioned in earlier 
discussion. 
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The beta decay of Np™ has been studied with several beta spectrometers. In addition to the known 
conversion lines corresponding to transitions of energies now determined as 44.0, 102.2, 986, and 1029 kev, 
new conversion lines, corresponding to transitions of 942 and 927 kev were found. These transitions indicate 
the presence of closely spaced leveis at higher excitation energies. Intensities of conversion lines and beta 
groups were determined and compared with previous work. Fermi-Kurie plots confirm the allowed shape of 
the hard beta group (1.25 Mev) and give indication of complexity in the soft beta group (0.27 Mev). The 
energy deviations of the ground rotational band levels from the simple rotational energy formula are 


discussed 





INTRODUCTION 


ARLY investigations’ of the decay of Np** have 
shown a half-life of 2.1 days, a complex beta 
spectrum, two highly converted transitions of 43- and 
103-kev energy, and two gamma rays of 983- and 
1030-kev energy. The beta components were reported to 
have an allowed shape, 47 percent of the disintegrations 
belonging to the hard component, the maximum energy 
of which is 1272 kev, and 53 percent to the soft com- 
ponent of 258-kev energy. 

The present paper sets forth and interprets material 
gained from further beta spectroscopic work on Np™®, 
some of which has been partially reported in prior 
notes.>~’ 


EXPERIMENTAL PROCEDURE AND RESULTS 


For the Stockholm work the Np** was obtained by 
bombarding natural uranium metal! with protons of 
12.5-Mev energy in the 225-cm cyclotron of the Nobel 
Institute of Physics,* and for the Berkeley work, by 


* This work was supported in part by the U. S. Atomic Energy 
Commission 

t Present address 
Idaho 

1 Seaborg, Wahl, and Kennedy, 
Research Papers (McGraw-Hill Book Company, Inc., 
1949), National Nuclear Energy Series, Plutonium 
Record, Vol. 14B, p. 13 

*A.H. Jaffey and L. B. Magnusson, The Transuranium Ele- 
ments: Research Papers (McGraw-Hill Book Company, Inc., New 
York, 1949), National Nuclear Energy Series, Plutonium Project 
Record, Vol. 14B, p. 978. 

* Freedman, Jaffey, and Wagner, Phys. Rev. 79, 410 (1950) 

+]. W. Mihelich, Phys. Rev. 87, 646 (1952) 

* Slitis, Rasmussen, and Atterling, Phys. Rev. 93, 646 (1954). 

* Rasmussen, Passell, and Stephens, University of California 
Radiation Laboratory Unclassified Report UCRL-2585, 1954 
(unpublished) 

* T. O. Passell, Ph.D. thesis, University of California Radiation 
Laboratory Unclassified Report UCRL-2528, 1954 (unpublished 

* We are greatly indebted to Dr. Hugo Atterling, who developed 
and tested the special target holder for the uranium metal and who 
carried out the three bombardments. 


Phillips Petroleum Company, Idaho Falls, 
The Transuranium Elements: 
New York, 
Project 


42 


irradiation of Np*’ with neutrons in the MTR reactor, 
Reactor Testing Station, Arco, Idaho.® 

The neptunium activity was chemically purified by 
various combinations of the procedures given by 
Magnusson, Thompson, and Seaborg.” 

The following types of measurements were made: 

1. Beta spectroscopy with the Stockholm interme- 
diate-image, long-lens spectrometer." (Resolution ~2 
percent.) (Referred to as SS.) 

2. Beta spectroscopy with the Stockholm double- 
focusing spectrometer."? (Resolution 0.5 percent.) (Re- 
ferred to as SD.) 

3. Beta spectroscopy with the Berkeley double- 
focusing spectrometer.” (Resolution 1.2 percent.) (Re- 
ferred to as BD.) 

4. Electron spectroscopy of photo and Compton 
electrons from a (0.0005-inch) uranium metai radiator 
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Fic. 1. Electron spectrum of Np™ (with some Np™) in the 
region of the conversion lines of the 102.2-kev gamma ray. 
(Stockholm double-focusing spectrometer.) 


* We express appreciation to Dr. W. B. Lewis, Dr. Richard 
Smith, and others at the Reactor Test Station for facilitating the 
irradiation. 

” Magnusson, Thompson, and Seaborg, Phys. Rev. 78, 363 
(1950). 

" H. Slatis and K. Siegbah 

* A. Hedgran, Arkiv Fysik 5, 1 (1952). 

™G. D. O’Kelley, Ph.D. thesis, University 
Radiation Laboratory Unclassified Report UCRL-1243, 
(unpublished) 
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The high-energy part of the Np™* beta spectrum. (Berkeley double-focusing spectrometer.) 


For interpretation of the arrows see the text. 


with the Berkeley ring-focusing solenoidal spectrome- 
ter."* (Resolution ~2 percent.) (Referred to as BS.) 

Where duplicate information was obtained, we present 
the best or the average of the best determinations. In 
general, regarding beta spectroscopic results, the energy 
measurements on the SD spectrometer are taken as 
standard, since this instrument is specifically designed 
for precision energy comparisons. However, the energy 
differences of the high-energy conversion lines deter- 
mined on the BD spectrometer are preferred by virtue 
of the much greater source strength and consequent 
better counting statistics in the Berkeley work. The BD 
measurements were not as useful as SS and SD for the 
continuum and lines below 0.7 Mev (disintegration 
energy of Np™*) because of the larger admixture of the 
troublesome Np”. The SS measurements form the basis 
for spectrum shape studies of the hard beta particles, as 
the background due to scattered electrons entering the 
counter is minimized by the intermediate image slit 
system. 

Figure 1 shows the spectrum taken with the SD 
spectrometer in the region of the conversion lines of the 
102.2-kev gamma ray. Note the lines assigned to Np™ 
present in small amount. By means of the well-known 
strong conversion lines of Np™ it was possible to make 
corrections for the small contamination of this activity 
when computing the intensities of the beta components." 

Figure 2 shows the spectrum taken with the BD 
spectrometer of the region above 3500 gauss cm. The K 
lines of the four high-energy gamma transitions are 
clearly evident. The arrows labeled for L and M lines 
each point to the calculated abscissa for the foot of the 

“G. D. O’Kelley, California Research and Deve 
pany Unclassified Report MTA-38, May 1954 (anal 


Regarding the of the Np®™ spectrum see H. Sistis, 
Arkiv Mat. Astron. Fysik 35A, 3 (1947). 
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leading edge of the line (about 20 gauss cm to the right 
of the peak). The unlabeled arrow at 3887 gauss cm 
points to the calculated position of the A line of a 
transition 146 kev less energy than the most energetic 
gamma ray. (With the decay schemes proposed in the 
article'® following this, which we refer to as paper LI, it 
is important to search for such a transition.) There is no 
evidence for this line, and we can from these data say 
that it is less than 10 percent of the intense line K yos0. 

The conversion line energy and intensity data are 
summarized in Table I. The energy figures are based on 
averages of the best Stockholm or Berkeley data. As the 
intensities are of considerable importance in construct- 
ing the decay scheme and as there is some variation in 
intensities obtained in various studies, Table I includes 
three intensity columns: one for the work of Freedman 
et al.,5 one for Slatis ef al.,> and one for the BD work 
previously unreported. 

There is fair agreement in the intensity figures between 
the different investigations except for some extremely 
weak high-energy lines and except for the lowest energy 
21.8-kev Lir44 line. At such low energies spectrometer 
measurements are subject to some uncertainty from 
counter window transmission losses. In view of the 
disagreement, the total intensity figure for conversion 
lines of the 44-kev transition has not been given much 
weight in the construction of a decay scheme. 

It is of some interest to collect as in Table II yet other 
determinations of intensity of the low-energy conversion 
lines.?:*.7"7.'*- Passell’ has measured on the BD spec- 





Rasmussen. Stephens, Strominger, and Astrém, following 
paper [Phys. Rev. 99, 47 (1955) }. 

7 Gellman, Griffith, and Stanley, Phys. Rev. 85, 944 (1952). 

D.C. Dunlavey and G. T. Seaborg, Phys. Rev. 87, 165 (1952). 

*D. C. Dunlavey, unpublished results (1953) (110 electron 
coincidence events counted). 
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Taste I. Conversion lines accemponying beta oe of -_ 


Electron Electron 
momentum line 
gauss cm* energy’ ® 


Shel! 
converting 


Electron binding 
energy (Pu yb 


— 21.8 
549 259 


671 38.2 
7 39.0 


aad 222 
aes 18.1 


Mi 56 
Mins 46 


429 N 1.4 
43.7 


80.1 
4.1 


96.7 


805.3 
819.8 


864.4 


i,N.O 


* Calibration for 44-kev gamma lines { 
Calibration for 102-kev gamma lines from ThB F line taken as 
higher energy lines from 
The SD measurement of absolute energy 

* Hil, Church, and Mihelich, Rev. Sci 

* See reference 3 

4 See reference 5 


Instr. 23, 523 (1952 


m ThB line taken as H,, 534.11 from the work of D.I gr! and F 

%.. = 1388.56 from the work of G. Lindstrém, Arkiv Fysik 4, 1 
eo” K line taken as Hp ~ 3381.3 from the work of Lindstrém, Siegbahn, and Wapstra, Proc 
of Kes is used, but the energy differences to other high energy lines is taken from BD work (see reference 6). 





Abuodance per 100 beta disintegrations 
Berkeley 
double-focusing 
spectrometer 
(previously 
unreported) 


Slatis, 
Rasmussen, 
Gamma energy Atterling¢ 
44.0 
440 





| 
43.8 | 
43.6) “ o} 


44.3 | 
| 
44.0) 


102.4 \ 1.4 
102.2 | 102.2 J 


101.7) . 0.7 


0.04 
0.07 


927 ie 0.05 
942 eee 0.10 

see 0.06 
0.20 


986 . 0.26 
.. vee 0.06 


0.13 


0.20 
0.04 
0.02 


0.22 
0.08 
0.06 


1029 


H. Schmidt, Phys. Rev. 94, 927 (1954) 
1951). Calibration for 


Phys. Soc. (London) B66, 54 (1953). 


* The recent measurements of J. M. Hollander and W. G. Smith (private communication) give a best energy for this transition of 44.11 40.04 kev based 


on their work with a permanent magnet spectrograph 
' Berkeley measurements give the Mu: Mii: N, O ratio as 1.85:1.35:1 


trometer the relative intensities of these lines, using both 
Np™ and Cm** samples. A very thin counter window 
was used and no transmission correction was made. 
Dunlavey and Seaborg’* and Dunlavey” have de- 
termined L: (M+N-+0O) ratios with Cm™ samples by 
track counting in electron-sensitive photographic emul- 
sions, and their results are presented in Table IT also. 
The £2 nature of the 44.0- and 102.2-kev transitions 
is clearly confirmed by comparison of the L subshell 


& 


* (ARBITRARY UNITS) 


ELECTRON ENERGY € (RELATIVISTIC UNITS) 


Fic. 3. Fermi-Kurie plot of the hard beta spectrum of Np™ 
(Stockholm long-lens intermediate-image spectrometer.) 


(see reference 7) 


conversion results with the theoretical calculations of 
Gellman et al." 

The hard beta spectrum was taken repeatedly in the 
intermediate image spectrometer in an effort to de- 
termine precisely the shape. The intermediate image 
spectrometer was felt to be especially suitable for 
spectrum shape studies, as it has a very low scattered 
electron background. The log ft values of the hard beta 
particles are in good agreement with a first forbidden 
Al =2, yes, assignment, although Freedman ef al.’ re- 
ported an allowed spectrum shape. The reinvestigation 
was in part prompted by the availability of accurate 
tables” for determination of spectrum shape correction 
factors. These tables show that the correction factor for 
the AJ = 2, yes spectrum shape for high atomic numbers 
is considerably less pronounced than the Z=0 approxi- 
mation correction sometimes used. In the conventional 
Fermi-Kuri plot of Fig. 3 (where the Fermi function was 
obiained from the National Bureau of Standards 
tables)" are shown a straight solid line and a dashed 
Al = 2, yes, line calculated from the tables of Rose et al.” 


» Rose, Perry, and Dismuke, Oak ae National Laboratory 
Report ORNL.1459, 1953 (u 

" Tables for the Analysis gE Spectre, National Bureau of 
Standards Applied Mathematics Series 13 (U. S. Government 
Printing Offic:, Washington, D. C., 1952). 
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Taste II. Intensities of conversion lines of the 44-kev transition. 











Freedman 
et al.* 


Ratio Np™ 


Dunlavey re- 
determination 
by same 


Cm™ 


Berkeley 
doubie- 
focusing* 
Np™* 





1.91 
3.26 


Lu:Lin 
(Lirt+Lin): (M+N+0) 


1.26 


3.33 2,930.64 





* See reference 7. 
¢ See reference 18. 


* See reference 3. 
» See reference 5. 


The endpoint energies were chosen to give qualitative 
best fits to the experimental points in each case. Parts of 
the spectrum are obscured by soft beta rays or by high- 
energy conversion lines. We are inclined to give most 
weight to the fit near the end of the spectrum. There the 
slopes of allowed and forbidden spectra are quite 
different, with the data agreeing much better with the 
allowed line. Very pertinent to the shape study is the 
question of possible complexity of the hard beta spec- 
trum, If there were admixture of two groups with 
endpoints differing by only 44 kev, it would hardly be 
possible to determine their abundances by resolution of 
a Fermi-Kurie plot. Our belief that the hard beta 
spectrum consists of essentially a single group going to 
the 44-kev first-excited state is based on L x-ray—beta 
coincidence work reported in paper II.’* (The contrary 
result previously reported*® was shown to be in error by 
later experiments using the same apparatus.) The fit for 
the lower energy points of Fig. 3 seems better for the 
forbidden shape, but this may be due to an incomplete 
subtraction of the Np” spectrum, endpoints of which 
are indicated by arrows in Fig. 3. 

Thus, we support the conclusion of Freedman et al.* 
that the hard beta group has allowed shape, and we find 
an energy 1.25 Mev compared with their 1.272 Mev. 

Figure 4 shows a Fermi-Kurie plot of the soft beta 
continuum from SS data after subtraction of hard beta 
and Np” beta contributions. Parts of the spectrum are 
obscured by conversion lines. The Fermi-Kurie plot has 
a definite curvature, indicating the probable presence of 
more than one soft beta group, but it is not felt that the 
data are of sufficient accuracy to justify any resolution 
of the plot. The endpoint of the most energetic soft beta 
group seems to be about 0.27 Mev, in satisfactory 
agreement with the 0.258 Mev of Freedman e/ al.* 

The intensity ratio between soft beta rays and hard 
beta groups was found to be 55:45 in this investigation. 
This ratio is in good agreement with the ratio 53:47 of 
Freedman ef al.’ 


SPECTROSCOPIC MEASUREMENT OF URANIUM 
RADIATOR PHOTOELECTRONS 


In order to study the relative intensities of the high- 
energy gamma rays (unresolvable by scintillation spec- 
trometer), the spectrum of electrons ejected from a 
0.0005-inch thick uranium metal radiator was studied in 
the Berkeley thick-lens solenoidal beta spectrometer." 


* See reference 19. 
! See reference 17. 


The sample of Np** was enclosed in a cylindrical 
aluminum shield of sufficient thickness to absorb the 
beta radiation of Np™*, and on the plane face of the 
shield in the normal position for the spectrometer source 
was attached a disk of uranium metal 0.0005-inch thick 
and 0.5-inch in diameter. 

Figure 5 shows one of the several series of measure- 
ments. The two prominent peaks are due to photoejec- 
tion of K electrons by the 1029- and 986-kev gamma 
rays of Np™*. Centers of the peaks lie about 10 kev 
lower in energy than calculated, but this is accounted 
for by the thickness of the uranium radiators. Diffuse 
peaks due to L shell conversion are seen at higher 
energies. At energies just below the Kygg peak the 
electrons due to Compton scattering events sharply rise. 
The Compton electrons unfortunately obscure the 
region of great interest where the K photopeaks of the 
weaker 941- and 925-kev gamma rays are expected. One 
can only say that these gamma rays are in somewhat 
lower intensity than the higher energy gamma rays. 

The dotted lines of Fig. 5 indicate how the main peaks 
were resolved for determination of their relative intensi- 
ties. The areas of the peaks are in the ratio K yoo: K ws 
=1:0.90. For these energies the photoelectric absorp- 
tion cross section varies nearly inversely as the square of 
the gamma energy.” Making such a correction, we 
obtain the gamma intensity ratio y1029/ ose = 1/0.83. An 
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Fic. 4. Fermi-Kurie plot of the soft beta spectrum of Np™. 
(Stockholm long-lens intermediate-image spectrometer.) Contri 
butions from the hard beta group and from the beta spectrum of 
Np™ contamination have been subtracted out. 

pe M. Davison and R. D. Evans, Revs. Modern Phys.24, 79 
( ). 





RASMUSSEN, 





> 


nN 


A 


en fan Sa «| 





ts a i 3 i 


~ 4400 


COUNT RATE PER MOMENTUM INTERVAL 


a oo 


4200 0 4600 ~—~-4800 
ELECTRON MOMENTUM Ho (IN GAUSS cm) 


Fic. 5. Spectrum of electrons ejected from a thin uranium metal 
radiator by the gamma radiation of Np™. (Berkeley thick-lens 
beta spectrometer.) Dotted lines show how the K photolines for 
the two most intense gamma rays were resolved for the purpose of 
the relative intensity determination 


effect which is difficult in our case to estimate quanti- 
tatively arises from the change in angular distribution of 
photoelectrons with energy.” The angle of the accepted 
electron trajectories in the solenoidal beta spectrometer 
with respect to the axis is between 20° and 24°, so 
qualitatively the effect should give higher effective 
transmission for the Kyo29 as compared with the K ges 
electrons. The effect should not be large with our 
geometries and is therefore neglected. Our ratio is to be 
compared with that of 1.02:1 determined by Freedman 
et al? 

It might be possible to observe photopeaks from the 
weaker gamma rays if a radiator of lower atomic number 
than uranium were used (increasing the energy differ- 
ence between the K photoelectron energy and the 
Compton electron maximum), but this experiment has 


not been done by us 


DISCUSSION 


It is obvious that the several hard gamma rays of 
similar energies signify close-lying levels in Pu®* in the 
vicinity of 1 Mev, and the possibility of their interpreta- 
tion in terms of Bohr-Mottelson type rotational bands 
seems promising 

In attempting to construct a decay scheme from 
electron spectroscopic data, one seeks to find as many 
cases as possible where the energies of two or more 
transitions add to equal the energy of another transition. 
In this connection, it may be pointed out that the 
energy differences between the high-energy gamma K 
conversion lines are known much better than their 
absolute energies.“ The possible sums are listed below 

* For a more detailed discussion on the determination of these 
energy differences see Rasmussen, Passell, and Stephens (refer 
ence 6). 


SLATIS, 


AND PASSELL 


Ears teta— Enott beta 980 kev ; EF y6= 986 kev; (1) 


E1020 — Eyes = 43.2 kev; E,q=44.0 kev; (2) 
Eyue— Eyo= 44.4 kev; E,u4=44.0 kev; (3) 
E,:00—Eyn= 102.; kev; Eyo= 102.2 kev. (4) 


It is difficult to decide which of the gamma sums are 
true and which are coincidental. From the above beta 
spectroscopic information a simple level scheme with 
levels at 986 and 1073 kev was proposed,* accounting for 
all four energetic gamma rays through transitions to the 
known levels of 0, 44, and 146 kev. Scintillation counter 
coincidence studies (reported in paper IT) later showed 
the proposed scheme to be incorrect in some respects. 
Hence, the decay scheme proposals and accompanying 
interpretation will be left to paper IT. 

It is of some interest to compare our values for the 
energies of the states of the ground rotational band with 
the predictions of the Bohr-Mottelson theory.“ To a 
first approximation the energies should be given by 
E= (#?/23)I1(1+1) with only even J values above a 
spin-zero base state. If one uses the first excited state 
energy, 44.11 kev, as determined by Hollander and 
Smith (private communication), the rotational quantum 
energy is 7.35 kev and by the simple formula the second 
excited state should lie at 147.0 kev. From our energy 
data it actually lies at 146.3 kev. The theory predicts 
such a deviation, and a “vibration rotation interaction” 
correction term of the form constant /*(J+1)* sub- 
tracts from the simple energy formula. In samples of 
Cm the gamma transition between the 6+ and 4+ 
rotational states of Pu™* has been observed* and its 
energy measured by scintillation spectroscopy as 157+2 
kev. Thus, we may check the theoretical correction term 
by calculating the constant using the energies of the 2+ 
and 4+ levels and independently using energies of the 
2+ and 6+ levels. In the former case we calculate for 
the constant 0.0026+0.001 and in the latter, 0.0036 
+0.0015 kev. More accurate measurements of all the 
low-energy transition energies would be of great 
interest .?6 

The L-subshell conversion coefficients clearly confirm 
the £2 character of the 44- and 102-kev transitions. 

The resolution of M-subshell conversion lines of the 
44.0-kev transition permits some comparison with the 
theoretical calculations of Church and Monahan.” 
Church’s threshold conversion coefficients (nonrela- 
tivistic) indicate that M shell conversion with an E2 
transition occurs predominantly with the p electrons 

M1,Mi11). Such is the experimental observation here. 
It is interesting to note that the My;: Mj ratio 1.37:1 


*A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. 
Selskab, Mat.-Fys. Medd. 26, 14 (1952), see p. 33. 

* Asaro, Thompson, and Perlman, Phys. Rev. 92, 694 (1953). 

** Note added in proof —Hollander and Smith have recently 
measured, with their permanent magnet electron spectrographs, 
the energies of 4+ to 2+ and 6+ to 4+ transitions in Pu™ as 
101.9%0.3 kev and 157.740.5 kev, respectively. With these 
energies there is no discrepancy with the theoretical formula 
including the interaction term. 

FE. L. Church and J. E. Monahan, Phys. Rev. 94, 762 (1954). 
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is exactly equal to the Ly:Zm ratio obtained by 
Slatis et al.* 
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The relative intensities of electromagnetic radiation from Np™, determined by scintillation spectroscopy, 
set an upper limit for K capture of K/beta <1 percent. 

On the basis of extensive scintillation counter coincidence measurements together with the beta spectro 
scopic results of the preceding article, two alternate decay schemes, differing only in minor detail, are 
proposed for Np™*. The levels of Pu® involved are three close-lying ground rotational band members and a 
cluster of three levels near 1 Mev, two of which appear to belong to the same rotational band. Conversion 
coefficient determinations permit multipolarity assignment for a number of the gamma transitions and 
consequent spin and parity assignments for a number of excited states. Selection rules and other intensity 
rules involving the Bohr-Mottelson K-quantum numbers are tested, providing K-assignments for levels 
There is a high degree of K-purity of those states where tests were possible. The question of possible “vibra 
tional” character of the band near 1 Mev is discussed speculatively. 


INTRODUCTION 


‘UPPLEMENTING the beta spectroscopic studies 
of Np*8, as reported in the preceding paper (re- 
ferred to here as paper I), we have carried out scintilla- 
tion spectroscopic studies of the electromagnetic radia- 
tion and have also performed various coincidence 
studies with scintillation counting equipment. The 
coincidence results are of key importance in the 
establishment of a probable decay scheme. 


SCINTILLATION SPECTROSCOPY AND THE 
QUESTION OF K-CAPTURE 


The Np** sample was prepared by thermal-neutron 
bombardment of Np”? in the homogeneous reactor at 
the University of California Radiation Laboratory, 
Livermore, California. The integrated neutron flux 
during the irradiation was sufficiently small that no 
significant amount of Np” was formed. Chemical 
purification involving lanthanum fluoride precipitation 
followed by two TTA (thenoyltrifluoroacetone) solvent 
extraction steps similar to the procedures described by 
Magnusson, Thompson, and Seaborg’ was made to 


* Much of this work was performed under the auspices of the 
U. S. Atomic Energy Commission. 

! Rasmussen, Slatis, and Passell, preceding paper [Phys. Rev. 
99, 42 (1955) ]}. 

? Magnusson, Thompson, and Seaborg, Phys. Rev. 78, 363 
(1950). 


purify the neptunium fraction from fission products and 
other impurities. 

The 50-channel pulse-height® analyzer was used to 
study the gamma spectrum of Np”* from a sodium 
iodide scintillation crystal. This spectrum shows an 
unresolved photopeak near 1 Mev made up of 4 high- 
energy gamma rays,' a photopeak near 100 kev made up 
of 102-kev gamma and K x-rays, and a low-energy x-ray 
peak of about 20 kev. Scintillation spectroscopy in 
Stockholm showed the same peaks and no others. 

The apparent resolution (ratio of energy width at 
half-height to photopeak energy expressed in percent) of 
this 1-Mev photopeak was 10.6 percent compared with 
7.3 percent for the 0.84-Mev photopeak of Mn™ and 7.5 
percent for the 1.06-Mev photopeak of Bi”’. This result 
clearly shows the composite nature of the 1-Mev peak 
in Np™*. 

The 1-Mev photopeak decayed with a half-life of 2.04 
days, in excellent agreement with the 2.10-day half-life 
previously reported by Freedman e/ al.‘ 

The decay of the peak in the 100-kev region was 
complex. This complexity can be explained by the 
presence of a considerable quantity of Np”? and the 
growth of its alpha decay daughter, Pa™, into the 


4A. Ghiorso and A. E. Larsh, Jr., University of California 
Radiation Laboratory Report UCRL-2647, 1954 (unpublished). 
‘ Freedman, Jaffey, and Wagner, Phys. Rev. 79, 410 (1950). 
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sample. The decay of the 100-kev peak was followed for 
4 months, at the end of which time it was possible to 
calculate the component contributions due to Np™*, 
Np”™’, and Pa™. 

Corrections were then made for the sodium iodide 
crystal efficiencies for the 1-Mev and the 100-kev 
photopeaks.’ As a result, it was determined that the 
gamma and K x-radiation of the 100-kev region had a 
total intensity of 3.8 percent of the total number of 
unconverted gamma transitions in the 1-Mev region. 
Only 55 percent of the beta transitions populate the 
energy levels near 1 Mev in Pu™*.' Therefore, the ob- 
served intensity of the approximately 100-kev photons 
in the decay of Np™* is 2.1 percent of the total beta 
disintegrations. From beta spectroscopic results we can 
account for 0.5 percent as K x-rays from conversion of 
energetic gamma rays and 0.5 percent as 102-kev 
gamma rays (using a conversion coefficient® of 5). 
There is an excess of 1.1 percent photons not accounted 
for, and this figure constitutes an upper limit for 
possible K capture. It seems highly unlikely that the 
excess is in fact attributable to K capture, since the 
latest estimate of Glass ef al.’ of the available energy for 
electron capture (based on closed decay cycle energy 
balances) is 0.10 Mev, insufficient for K capture to 
occur at all. We attribute the excess 100-kev photons to 
fluorescence radiation from the Np”’ mass in the sample. 

Jaffe*® has made a study of the L x-rays arising from 
the Np®* decay, using a Cauchois-type bent-crystal 
spectrometer of high resolution. His failure to find L x- 


rays of uranium allows him to set an upper limit of 4 


percent for 1; capture and 2 percent for Ly capture 
relative to the beta transitions. 


COINCIDENCE MEASUREMENTS 


It is well to bear in mind what is known concerning 
the lowest-lying levels, as determined by studies*® of the 
alpha emitter Cm**. There are excited states at 44 and 
146 kev with spin and parity assignments of 2+ and 
4+, respectively. There are cascade E2 gamma transi- 
tions interconnecting these states. From the theoretical 
conversion coefficient¢ of Gellman ef al.,’ the experi- 
mental conversion coefficients of Asaro ef al.,* and the 
relative L:M.\VO conversion results discussed in paper I 
we estimate that the 44-kev transition is almost totally 
(99.9 percent) internally converted (77 percent by Li 
and Lin conversion), and the 102-kev transition is ap- 
proximately 83 percent converted (67 percent of the 
conversion electrons being from Ly; and Ly; orbitals). 
Thus, for the energetic gamma rays, those going to the 


*M. I. Kalkstein and J. M. Hollander, University of California 
Radiation Laboratory Report UCRL-2764, 1954 (unpublished) 

* Asaro, Perlman, and Thompson, Phys. Rev. 92, 694 (1953) 

’ Glass, Thompson, and Seaborg, J. Inorg. Nuc. Chem. 1, 3 
1955 . 

*H. Jaffe, Ph.D. thesis, University of California Radiation 
Laboratory, Report UCRL-2537, 1954 (unpublished). 

* Gellman, Griffith, and Stanley, Phys. Rev. 85, 944, (1952). 
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ground state will be in coincidence with neither L x-rays 
nor 102-kev gamma rays. Of those going to the 44-kev 
state, about 38 percent will be in coincidence with 
L x-rays (assuming a fluorescence yield of 50 percent). 
Of those going to the 146-kev state, approximately 17 
percent will be in coincidence with 102-kevy gamma 
radiation, about 45 percent with one L x-ray, and about 
11 percent with two L x-rays. 

Most of the coincidence measurements were carried 
out with apparatus employing a sodium iodide (thallium 
activated) crystal and Dumont 6292 photomultiplier 
tube in each coincidence channel. A pulse in one channel 
of a height selectable by a single-channel differential 
discriminator generated a gate pulse which gated a 50- 
channel pulse-height analyzer’ to analyze a simultane- 
ous pulse in the other coincidence channel. The effective 
coincidence resolving time, 27), was about 7 micro- 
seconds for these experiments. The sample was placed 
directly between the two detectors, spaced such that the 
l-inch cylindrical detector crystals each subtended 
about 30 percent of 4x solid angle. The detectors were 
shielded by lead. 

The energetic gamma spectrum in coincidence with 
electromagnetic radiation approximately 100 kev in 
energy (including K x-rays and 102-kev nuclear gamma 
rays) was examined. In order to prevent beta particles 
from registering as gate counts the 100-kev radiation 
was observed through 691 mg/cm? of aluminum. In 
addition, 4 g/cm? of lead was used on the signal side of 
the coincidence unit, since this amount of absorber is not 
sufficient to cause serious attenuation of the hard gamma 
rays. 

The curve of Fig. 1(a) shows the coincident gamma 
energy spectrum observed. This is to be compared with 
the ordinary total gamma (“singles”) spectrum (solid 
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Fic. 1. Scintillation spectra (sodium iodide) of the composite 
1-Mev gamma peak. Curve 1(a) is the spectrum in coincidence 
with ~100-kev electromagnetic radiation. Curve 1(b), dashed line, 
triangles, is the spectrum in coincidence with L x-radiation. 
Curve 1(b), solid line, circles, is the total gamma spectrum. The 
curves 1(b) are normalized at channel 19 (the position of the 
986-kev gamma ray) to demonstrate best the differences between 
the curves. The marks on the baseline of 1(a) indicate the expected 
peak positions of the various component gamma rays, based on 
energy calibration with Bi®’ and Mn* standards. 
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line lower curve) taken at the same amplification. The 
shift of the peaks between the two curves is to be noted, 
the peak in coincidence with about 100-kev radiation 
lying at the low-energy side of the composite “singles” 
peak. We know from the beta spectroscopic results in 
paper I that the gamma “singles” peak consists of at 
least four different gamma rays of energies 1029, 986, 
942, and 927 kev. From these coincidence results we 
conclude that yo42, Ys27, or both, proceed to the 146-kev 
level. This result was reported earlier.'° From the beta 
spectroscopic results we know that only the four high- 
energy gamma rays have enough energy for K con- 
version. Thus, there can be no interference in the above 
coincidence measurement from K x-ray-gamma co- 
incidences. 

The peak shift result for the radiation coincident 
with about 100-kev radiation was independently de- 
termined using another coincidence-pulse analysis appa- 
ratus with a resolving time 27» of about 6X 10~* second. 
With the shorter resolving time a more active sample 
could be used. The detection crystals were further 
from the sample and making a 90° angle with it. Two 
inches of lead shielding was placed between the crystals 
to minimize spurious coincidences arising from Compton 
scattering of gamma rays from one crystal to another. 
The counters were unshielded except for the one lead 
brick between them. Sufficient beryllium absorbers to 
stop completely all beta rays were used before each 
detector. Thus, we feel that these results, though con- 
cerning a rare coincidence process, are real and not 
spurious. 

The energetic gamma spectrum in coincidence with L 
x-rays (about 18 kev) was studied with the first-men- 
tioned coincidence equipment. In this case it was not 
possible to use aluminum to absorb the beta particles, 
as it would attenuate the L x-rays by too large a factor. 
Therefore 797 mg/cm* of beryllium was used on the 
gate side of the coincidence unit. The hard gamma rays 
were observed through 2.9 g/cm? of lead. 

The dashed curve of Fig. 1(b) is the resulting coinci- 
dence spectrum and is plotted together with the ordi- 
nary “singles” gamma spectrum to show most clearly 
their differences. The curves are arbitrarily normalized 
to be equal at channel 19. One notes that the high- 
energy side of the broad “singles” peak is strongly 
depressed in the coincidence spectrum, a clear proof that 
the maximum energy gamma ray, 10%, proceeds to 
ground. (We shall later propose in the decay scheme 
section that io is actually two gamma rays within 2 
kev of the same energy, the more intense of which goes 
to ground and the other to the 44-kev state. The curves 
of Fig. 1(b) are consistent with such an interpretation.) 
One also notes that the lower energy part of the 
“singles” peak is slightly enhanced in the L x-ray 
coincidence spectrum, a further confirmation of the 


“ Rasmussen, Passell, and Stephens, University of California 
Radiation Laboratory Unclassified Report UCRL-2585, 1954 
(unpublished). 


earlier conclusion that 927, Ye, or both proceed to the 
146-kev state. 

A determination was also made of the absolute L- 
gamma coincidence rate, which measurement is of great 
aid in establishing intensities of various radiations in the 
decay scheme. That is, the single-channel analyzer was 
set to accept pulses from the photopeak of the energetic 
gamma rays, and the total] number of gates generated by 
the single-channel analyzer in a given counting time was 
recorded along with the integrated L x-ray coincidence 
peak recorded on the 50-channel analyzer. A similar 
measurement on alpha particle—ZL x-ray coincidences 
for Cm*" was made with the same geometries and ab- 
sorption path (aluminum backing) for L x-rays. By 
comparing the results of the two measurements (know- 
ing from alpha spectroscopy* that 26.3 percent of the 
alpha particles populate the 44-kev state and 73.7 
percent, the ground state), it was possible to calculate 
the fraction of energetic gamma rays populating the 
ground state, the calculation being independent of such 
uncertain quantities as LZ fluorescence yield, L x-ray 
absorption loss, and detector geometry. For such a 
calculation we make use of the result from the beta 
spectroscopic work reported in paper I that the 146-kev 
state is populated in 3 percent of the beta disintegrations 
and that energetic amma transitions occur in 55 per- 
cent of the disintegrations. Also, the conversion coeffi- 
cients for the 102-kev gamma ray are used. 

The result of the determination may be stated in the 
following two ways: 

If there were no energetic gamma rays going to the 
146-kev state, the result would indicate 37 percent 
(based on total beta disintegration) of the gamma rays 
going to the 44-kev state.and 18 percent going to 
ground. 

If we assume the 146-kev state is populated entirely 
by gamma and not by beta transitions, the proportion 
of high energy gamma rays going to the various states 
(percentage of total beta disintegrations) must be 3 
percent to the 146-kev state, 32 percent to the 44-kev 
state, and 20 percent to ground. 

A coincidence measurement similar to the preceding 
one was made between electrons and L x-rays, with the 
substitution of an anthracene crystal detector for the 
electrons. We wished to determine the fraction of hard 
beta disintegrations (Ey...=1.25 Mev) which went to 
the various low-lying states. Electron energies including 
sections of the hard beta spectrum but avoiding con- 
version lines and the soft beta spectra (Em. =0.27 
Mev) were selected by the single-channel analyzer 
serving as the coincidence gate generator. The ratio of L 
x-ray coincidence counts to gates was measured and 
again compared with the alpha—L x-ray results from a 
Cm”™ standard in the same position. The result of such 
a measurement was reported’ previously as indicating 
(assuming no hard beta decay to the 146-kev state) that 
72 percent of the hard-beta transitions go to the 44-kev 
state, and 28 percent to ground. Later results showed 
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Fic. 2. Scintillation spectrum (anthracene) of electrons in coinci 
dence with ~100-kev electromagnetic radiation 


the first report to be in error. The early measurement 
was made with only one sample, of relatively high 
activity, and there is apparently a loss in coincidence 
efficiency at higher counting rates in this apparatus. 
The later results showed a counting value of 100 percent 
of hard beta particles to the 44-kev state when suffi- 
ciently small samples were used. Beta-particle energies 
of 410 to 610 and 1020 to 1200 kev were used as gates 
and both intervals showed the above limit. (It should be 
mentioned regarding the loss effect that the Z-gamma 
results of the preceding paragraph were checked with 
sources of strengths differing by a factor of four and 
found essentially constant.) 

Engelkemeier was reported by Freedman, Jaffey, and 
Wagner to have found coincidences between hard 
electrons and electromagnetic radiation of about 100- 

- kev energy. The determination is an important one, as it 
bears on the question of whether a hard beta group 
populates the 146-kev state. Our gamma-gamma coinci- 
dence work showed that the 146-kev state is populated 
by energetic gamma rays, but to what fraction of its 3 
percent total population was not determined. It is clear 
that there will be coincidences between K x-rays and 
energetic K conversion lines (0.5 percent of total 
disintegrations), but by examining the energy spectrum 
of electrons in coincidence with 100-kev radiation it was 
thought that it might be possible to find a hard beta 
continuum under the conversion lines. It is clear that 
the coincidence rate with a hard beta continuum will be 
about equal to the conversion line coincidence rate if all 
the 3 percent population of the 146-kev level were due 
to a hard beta group. 

Figure 2 shows the results of such a measurement of 
the electron spectrum in coincidence with 100-kev 
radiation. The data are probably consistent with there 
being no hard beta continuum at all, but drawing in a 
curve for the maximum amount of hard beta continuum 
that could be present, one can set an upper limit that 
coincidences with a continuum must be less than 80 
percent of coincidences with conversion electrons. The 
limit only tells us that the 146-kev level cannot be 
completely populated by the hard beta group. We shall 
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arbitrarily assume for the later decay scheme proposals 
that the 146-kev level is populated entirely by energetic 
gamma rays and not by beta particles. 


DECAY SCHEME PROPOSALS 


In attempting to construct a decay scheme we start 
first with the ground rotational band known‘ from alpha 
decay iine structure studies in Cm’. That is, there are 
levels in Pu™* at 0, 44.0, and 146.2 kev with spin and 
parity 0+, 2+, 4+, respectively. Connecting these 
levels are cascading £2 transitions, highly internally 
converted. 

There are four high-energy gamma transitions of 927, 
942, 986, and 1029 kev to account for. The L-gamma 
coincidence result that 71029 goes to ground means there 
must be a level at 1029 kev. The 986-kev gamma 
transition is then accounted for as the transition be 
tween the 1029-kev level and the 44-kev level. The hard 
gamma-102-kev gamma coincidence result was that 7927, 
Yo«2, or both are in coincidence with 102-kev radiation, 
and the hard gamma-L x-ray coincidence studies (hard 
gamma peak shape comparisons) tend to support the 
conclusion that neither y927 nor 942 go to ground. Thus, 
regarding additional levels, we are left with three 
choices: (1) levels at 1073 and 1087 kev, (2) levels at 
1073 and 986 kev, or (3) levels at 1087 and 971 kev. It 
is to be noted with the first two choices that there are 
two separate places in the decay scheme where a 
gamma transition of 1029 kev could occur, namely, 
from the 1029-kev level to ground and from the 1073-kev 
level to the first excited state. In order to reconcile the 
numerical L--gamma coincidence result that the hard 
gamma intensity to the ground state is 20 percent of 
total beta disintegrations, we can postulate that the 
1029-kev gamma is indeed complex with energy differ- 
ence of the two components too small for resolution even 
on the double-focusing beta spectrometers. Therefore, 
we prefer alternatives (1) and (2) for our further decay 
scheme discussions. 

The attempt to assign intensities to all the transitions 
in the decay scheme is handicapped by incomplete 
information regarding intensities of the weaker hard 
gamma and soft beta transitions. Nevertheless, by using 
the absolute L-gamma coincidence result of 20 percent 
hard gamma to ground, the uranium photoconversion 
electron result of paper I that I’yo29:I'ss6= 1:0.83, and 
other intensities from the beta spectroscopic work (102- 
kev transition=3 percent; hard beta:total soft beta 
= 45:55) and assuming intensities for 92; and yoq2 in the 
ratio of their K conversion lines, 1:2, we can calculate 
intensity figures for all transitions with decay scheme 
(1). It is obvious that the intensities of the weaker 
transitions as determined in this manner may be very 
uncertain where they are based on differences of rela- 
tively large numbers. Figure 3 shows the resulting decay 
scheme, where the uncertain intensities are given in 
parentheses. Below the intensities of the various beta 
groups are given their log ff values, underlined. 

















8 EMITTER Np?**. I. 51 


Using the same intensity data but with the level 
scheme discussed as alternative (2), one obtains 
the decay scheme of Fig. 4. With the scheme of Fig. 4 it 
is possible that yess might also be complex, as there are 
two places in the scheme where it might occur. The 
purely arbitrary assumption of zero intensity for the 
transition from the 986-kev level to ground was made 
for Fig. 4. 

While either decay scheme accounts for most of the 
data, it is appropriate to summarize the remaining 
inconsistencies. 

First, according to the decay schemes the 44-kev 
transitions should occur in 80 percent of the total beta 
disintegrations, the percentage having been fixed by the 
absolute L x-ray-hard gamma coincidence rate measure- 
ment. In considerable disagreement is the figure of 65 
percent from the beta spectroscopic measurements of 
Slatis, Rasmussen, and Atterling." Even the figure of 75 
percent from Freedman, Jaffey, and Wagner* is on the 
low side. Possible sources of error in the electron 
spectroscopic intensities could result as a consequence of 
the low energy of conversion lines, with uncertainty in 
counter window transmission corrections and resolution 
of peaks broadened by finite sample thickness. The 
ratios of intensities of conversion lines (Ly,L11,M,N) 
determined by Slitis ef al.!' agree better than those of 
Freedman ef al.‘ with independent determinations of 
Passell.” All these measurements are compared in 
Table I of the preceding paper I. The true intensity of 
gamma rays to ground is probably intermediate be- 
tween the coincidence and the spectroscopic determi- 
nations, but in view of the disagreement between the 
different spectroscopic determinations we have chosen 
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" Slitis, Rasmussen, and Atterling, Phys. Rev. 93, 646 (1954)- 
2 T. O. Passell, Ph.D. thesis, University of California Radiation 
Laboratory Report UCRL-2528, 1954 (unpublished). 
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to use the coincidence measurement as the basis for the 
decay scheme intensities. 

Second, it is to be noted that the relative amounts of 
hard gamma and approximately 100 kev radiation as 
determined by scintillation pulse analysis do indicate an 
excess of approximately 100-kev radiation beyond that 
given by the proposed decay schemes. It is not reason- 
able on energetic grounds, as discussed earlier, to 
attribute this excess radiation to K capture. A related 
discrepancy involves an apparent excess over expecta- 
tion of soft beta coincidences with approximately 100- 
kev radiation, as measured roughly by integration of the 
curve of Fig. 2. The measurement is not very quanti- 
tative, since scattering and absorption effects on the 
electrons in this coincidence experiment introduce 
uncertainties that would be hard to estimate. 

Finally, regarding further work which might be 
profitable, we would suggest that beta spectroscopic 
work at even higher resolution might be fruitful, espe- 
cially in the region of the high-energy conversion lines. 
Coincidence experiments with two beta spectrometers 
would be desirable. Experiments to determine the rela- 
tive intensities of the weaker hard gamma rays are 
important. Such might lie within the range of Cauchois- 
type bent-crystal spectrometers, or one might study by 
beta spectroscopy the K photoelectrons from radiators 
of considerably lower atomic number than uranium. A 
uranium radiator was used in the experiments reported 
in paper I, and the K photopeaks of the weaker gamma 
rays lie obscured by Compton electrons of the intense 
gamma rays. 


HARD GAMMA CONVERSION COEFFICIENTS 


Using the gamma intensities from the decay schemes 
and the K electron line intensities from paper I, the K 
conversion coefficients of the hard gamma rays have 
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K line 
intensity 
gq, from 
Berkeley 
double = 
y focusing Eaperimental K con 
Gamma Gamma intensity (% spec version coefficient 
energy Scheme 1 Scheme 2 trometer Scheme 1 Scheme 2 
21029 28 24 0.20 0.0071 0.0083 
986 24 21 0.20 0.0083 0.0095 
942 (2 (7) 0.07 (0.035) (0.010) 
927 (1) (3) 0.04 (0.04) (0.013) 
s 
* Rose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 83, 79 (1951) 


been calculated. Table I summarizes the data and 
results. 

It is felt that a multipolarity assignment on the basis 
of K conversion coefficients for the two most intense 
hard gamma rays is justified. Despite the probable 
unresolved doublet nature of y:029 and the consequent 
average meaning of its conversion coefficient, the major 
branch of the doublet is probably of £2 character, 
necessarily pure £2 since the final state has spin zero. 
Thus, the level at 1030 kev must have spin 2 and even 
parity, as the ground state is presumably 0+. The fact 
that the experimental conversion coefficient is smaller 
than the theoretical unscreened value may in part be 


due to experimental uncertaint, and in part due to 


neglect of screening in the theoretical calculations. With 
regard to the latter point, some of the recent screened K 
conversion coefficients calculated by Rose and others" 
seem roughly 10 percent lower than the unscreened for 
E2 transitions of comparable energy in large-Z elements. 

Within experimental uncertainty the conversion coeffi- 
cient of ose indicates E2, although an admixture of a 
few percent M1 character could not be excluded by our 
data. 

The uncertainties associated with the gamma radia- 
tion intensities of the weaker hard gamma rays make 
definite multipolarity assignments out of the question, 
but their orders of magnitude indicate E2 or mixed 
E2—M\| character as most likely. (It is apparent that 
with all the gamma rays the conversion coefficients 
might be explained by E1— M2 mixtures, but this ex- 
planation is not given serious consideration in view of 
the general rarity of that particular admixture, and the 
K/L ratios give experimental evidence against the 
E1— M2 interpretation.) 

It is of some interest to compare the A/ ZL conversion 
ratios with the earlier correlation of Goldhaber and 
Sunyar."* For gamma rays about 1 Mev and Z = 94 their 
plots against Z*/ E would give a K/L ratio of about 6 for 
E2 and about 8 for M1 or M2. The lower experimental! 
K/L ratios in the case of our E2 gamma rays of 1029 
and 986 kev are further examples of systematic devia- 
tions to the low side for high-Z elements. Goldhaber and 
Sunyar" called attention to some such deviations, and 


“3M. E. Rose, privately circulated tables, 1954 (unpublished) 
4M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951) 
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Experimental 





:L ratio 
(from 
Berkeley 
Theoretical K conversion coefficients a 
(interpolated from Rose ef al.*) s Multipolarity 
E} E2 Mi M2 trometer) assignment 
0.0033 0.0102 0.075 0.105 ~5 E2 
0.0035 0.0108 0.083 0.117 ~3.3 E2 
0.0038 0.0119 0.094 0.132 eee eS 
0.0039 0.0122 0.098 0.136 


the work of Alburger and Pryce'* on Bi™* decay provides 
a good example of this sort of deviation. Their £2 
gamma transitions of 880.5 and 803.3 kev have 
K/ (14+) ratios of about 4.7. Our K/L ratios from 
Table I are consistent with the £2 assignment in view of 
the considerable uncertainty in our L line intensities. 
From the L subshell conversion calculations of Gellman 
et al.® inclusion of the Ly conversion in K/L ratios 
would have virtually no effect for M1 transitions and 
less than 30 percent effect for £2. Thus, we are justified 
in comparing our K/L ratios with K/(1,;+L,;) ratios. 


CONSIDERATIONS INVOLVING THE 
K QUANTUM NUMBERS 


Two interesting observations may be made with re- 
gard to the gamma transitions occuring from the 1030- 
kev level. First, the rather pure £2 character of Yog¢, 
though M1 is allowed, seems unusual according to 
lifetime estimates from the single particle lifetime 
formulas. Second, the absence (see paper I) of an E2 
transition of 884-kev energy proceeding to the 4+ state 
at 146.2 kev seems unusual. It is concerning just such 
observations as these (relative transition rates to vari- 
ous members of a nuclear rotational band) that the 
deformed nuclear model makes precise predictions, and 
one might expect the model.to be useful around mass 
number 238 where nuclear rotational band systems are 
much in evidence. For the present, we need consider 
only the intensity rules arising from the simple approxi- 
mate separation of the nuclear motion into the relatively 
slow rotational motion of a spheroidally deformed 
nucleus and a more rapid internal motion of a deformed 
intrinsic structure. This separation is described in the 
forthcoming paper of Alaga, Alder, Bohr, and Mottelson* 
and constitutes a more general case of the strongly 
deformed nuclear model of Bohr and Mottelson.'? The 
rotational separation introduces one quantum number 
in addition to /, the total angular momentum, and II, the 
parity. The new quantum number is K, the projection 


‘*D. E. Alburger and M. H. L. Pryce, Phys. Rev. 95, 1482 
(1954), see Fig. 10 

'* Alaga, Alder, Bohr, and Mottelson, CERN /7'/ A-A-B-M-1, 
August 1954 [Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 
(to be published) J. 

‘A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. 
Selskab. Mat.-fys. Medd. 27, 16 (1953). 
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of the total angular momentum along the nuclear 
symmetry axis, and the KX-purity of nuclear states will 
depend upon how valid is the approximate separation of 
rotational and intrinsic structural motion. K remains 
the same for all members of the same rotational band 
and is equal to the spin of the base level of the rotational 
band except for an anomalous case when K = }. Thus, K 
is zero for the members of the ground rotational band as 
indicated in Figs. 3 and 4. 

The relative rates of the electric quadrupole transi- 
tions from the 1030-kev level to the states of the ground 
rotational band give us a means of evaluating K for the 
1030-kev level. After dividing out the fifth-power energy 
dependence we may obtain the ratios of reduced transi- 
tion probabilities. By the theory these ratios should be 
simply given by vector projection factors, the squares of 
Clebsch-Gordan coefficients involving the K and / 
quantum numbers and the multipolarity L of the 
transition. This relation, as given by Eq. (12) of Alaga 
el al.,'* is shown below: 


B(L, I 1;)  UiLKiK,;—Ki\ 1(L1,K))" 
B(L,T— 1) UK K,—K,\UeL1/K)* 


where the Clebsch-Gordan coefficients are in the nota- 
tion of Condon and Shortley.'® Clebsch-Gordan coeffi- 
cients have been tabulated numerically by Simon.” 
Table IL presents the experimental and theoretical 
(K;=0, 1 or 2) relative reduced transition probabilities 
for the gamma rays from the 1030-kev level. 

The assignment K=2 is clearly indicated for the 
1030-kev level. With this assignment the absence of M1 
character in -yose finds a natural explanation. The 
Clebsch-Gordan coefficient vanishes when AK exceeds 
the multipolarity LZ, hence, dipole radiation is K- 
forbidden [see Alaga et al.,'° Eq. (6a) ]. 

The spacing of 44 kev between the 1029- and 1073-kev 
levels and the gamma radiation from the 1073-kev level 
suggest to us that the 1073-kev level be assigned (2, 3+-) 
as the first excited member of a rotational band based on 
the 1029 level. The rotational moment of inertia for this 
upper band is the same as that of the ground-state band 
within the accuracy of our measurements. The theory 


Tasie Il. Experimental and theoretical relative reduced E2 
transition probabilities from the 1030-kev level (2+) 


BQ—I B(QQ-+1s) 
Experimental —————- Theoretical —— 
Final state BQ-#) B20) 
ly Scheme 1 Scheme 2 Ki=0 Kit Ki@=2 
2+ 1.5 1.3 1.43 0.375 1.43 
(44 kev) 
4+ «0.3 <0.3 2.57 1.14 0.0714 


(146 kev) 


'* E. U. Condon and G. H. Shortley, Theory of Atomic Spectra 
(Cambridge University Press, London, 1935). 

® Albert Simon, Oak Ridge Laboratory Report ORNL-1718, 
special, 1954 (unpublished). 
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TABLE III. Beta-group energies and log ft values. 














Beta energy K, spin and parity Logie ft 

(kev) final state Scheme 1 Scheme 2 
1260 0, 2+ 8&5 8.5 
275 2, 2+ 5.8 5.8 
231 (2, 3+) (6.4) (6.5) 
217 ? (7.1) tee 
or 

318 ? 


(7.2) 











predicts (for pure £2 radiation) B(/;=3-+l,;=4)/ 
B(,= 3-1 ;=2)=0.40. The experimental relative in- 
tensities of the gamma rays from the 1073-kev state are 
too uncertain to make a significant test of the reduced 
transition probability rules discussed above. 


INTERPRETATION OF BETA TRANSITIONS 


The logft values of the various beta groups, as 
calculated using the nomograms of Moszkowski™ are 
given on the decay schemes Figs. 3 and 4 as underlined 
numbers. They are summarized in Table III. 

Freedman et al.‘ found an allowed spectral shape for 
the hard beta particle. This result was confirmed in the 
beta spectroscopic studies of paper I. Parts of the 
spectrum are obscured by soft beta groups and by 
conversion lines, but the assumption of allowed shape 
gives a satisfactory fit, whereas the assumption of the 
unique alpha shape (AJ=2, yes) does not. Thus, a 
Al = 2, yes, interpretation of the hard beta group seems 
ruled out. 

It is somewhat surprising that the 1260- and 275-kev 
beta groups, which proceed to levels of the same spin 
and parity, should exhibit /¢ values different by a factor 
of 500. Since the relative gamma transition rates sug- 
gested that K is a fairly good quantum number, we 
might logically look first to the difference in K values of 
the final states at 44 and 1029 kev for an explanation of 
the great difference in log ft values. 

The simplest interpretation in terms of K selection 
rules follows from an assignment of K, J, and II of 
(2, 2+-) for Np**. The transitions to ground and 146- 
kev state are not observed, as they are second forbidden 
(Al = 2, no). Though the good selection rules in J and I 
make the transition to the 44-kev state allowed (AJ =0, 
no), the selection rule’* in the approximate quantum 
number K makes the transition second forbidden 
(AK =2, no), and if K for the initial and final states 
were an absolutely good quantum number the beta 
transition would not be seen (log/tS12). There are 
evidently smal! admixtures of states with K values other 
than the principal ones in the initial state, final state or 
both, and for some combinations of these K impurities 
the change in K will be 0, or 1, permitting the transition 
to proceed as an allowed transition. The allowed spec- 
trum shape of the hard beta group is a natura! conse- 
quence of this interpretation. 


»S. A. Moszkowski, Phys. Rev. 82, 35 (1951). 
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With the Np** (2, 2+-) assignment the beta groups 
to the 1030- and 1073-kev levels, which are (2, 2+) and 
(2, 3+-), respectively, should be allowed transitions by 
AK as well as ordinary selection rules. Their log ft values 
are a little high (5.8 and 6.5, respectively), the log ft 
correlations of Nordheim™ showing all allowed transi- 
tions (21 cases) in the log ff range 4.1 to 5.7. There are, 
of course, cases where other factors in the nuclear 
rearrangement accompanying beta decay act to make 
allowed transitions much slower than ordinary. Such a 
case is our hard beta group, and de-Shalit and Gold- 
haber® have cited and discussed a number of other 
cases. Thus, the interpretation of our two main soft beta 
groups as somewhat slow allowed transitions seems not 
unreasonable. 

The assignment of (2,2+) for Np™* cannot be 
claimed to be unique. One might make an assignment of 
(2,2—) but would then need to attribute the non- 
observance of transitions to the ground state and second 
excited state to some unknown hindering factor. The 
log ft values of the 275- and 231-kev beta groups seem a 
little low (King and Peaslee™ find average log ft values 
of 6.5 for AJ = 0, yes, and 7.5 for AJ = 1, yes transitions) 
for the first forbidden nature they would have in this 
alternate interpretation. One cannot rule out possible 
assignments of (3,3+) to Np™*, although with such 
there would be some difficulty in explaining why beta 
transitions strongly favor the first excited state (2+) 
over the second excited state (4+). 

An assignment of even parity to Np** violates the 
shell-model rule that the ground states of odd-odd 
nuclei in this region should have odd parity, the rule 
following from the fact that mainly odd-parity orbitals 
are available for protons in the 82-126 shell and even- 
parity orbitals for neutrons in the shell above 126. We 
feel, however, that the shell-model parity rule is hardly 
to be trusted in the region of the heaviest elements 
where numerous low-energy £1 transitions to ground in 
odd-A nuclei indicate the ready availability of orbitals 
of both parities for odd nucleons. 


CONCERNING THE POSSIBLE VIBRATIONAL 
NATURE OF SOME EXCITED LEVELS OF Pu** 


Inasmuch as the intensity rules involving K seem 
useful in the case of Np”* decay, the question is bound 
to be raised whether any of the high levels in Pu™* are 
‘vibrational levels,” as predicted by the more detailed 
unified model of Bohr and Mottelson.'? The question is a 
difficult one to answer with the data available at 
present, and what follows is written in a speculative 
vein. 

The theory predicts for spheroidal nuclei two vibra- 
tional bands, each having one quantum of vibrational 
excitation. The so-called beta vibrational band will have 
rotational band members (0,0+-), (0, 2+), (0,4+), ---. 


™ L. W. Nordheim, Revs. Modern Phys. 23, 322 (1951). 
™ A. de-Shalit and M. Goldhaber, Phys. Rev. 92, 1211 (1953). 
™ R. W. King and D. C. Peaslee, Phys. Rev. 94, 1284 (1954). 


STROMINGER, 


AND ASTROM 


The gamma vibrational band will have members (2, 2+), 
(2, 34+), (2,4+), ---. The vibrational quantum energy 
may be of the order of 1 Mev for the heaviest elements. 
Thus, the levels in Pu** of 1029 and 1073 kev with 
(2, 24+) and (2, 3+-) assignments, respectively, might 
possibly be of the first gamma vibrational band, al- 
though they can equally well be purely “particle 
excitation” levels. 

The most definitive evidence for the vibrational 
character of the band would be lifetime measurements of 
the levels. If lifetimes were found to be substantially 
shorter than predicted by the individual-particle life- 
time formulas, this would constitute strong evidence for 
some vibrational character for the levels. Such measure- 
ments by ordinary electronic means seem impossible, as 
the expected lifetimes are so short. Following are the 
theoretical calculated mean lifetimes for E2 transitions 
from the (2, 3+) state at 1073 kev: single proton 
transition to (0, 2+) state at 44 kev, 7,,>~5X10~" sec.; 
single phonon (vibrational transition) to 44-kev state, 
Tvib~3X10- sec.; rotational transition to (2, 2+) 
state at 1029 kev (taking internal conversion into ac- 
count), Trotationat™5*X10~-" sec. (Lifetime formulas of 
Bohr and Mottelson'’ were used.) It seems surprising 
that despite the great energy difference the 44-kev 
rotational transition could compete to the extent of 
about 10 percent with the 1029-kev single particle 
transition. From our data the presence of such competi- 
tion could not quite have been determined, and we are 
unable to obtain any lifetime evidence in this manner. 

Alaga et al.'* in their discussion of the beta decay 
scheme of Ta'® cite as possible evidence for the gamma 
vibrational character of a band at 1222 kev the fact that 
the rotational moment of inertia for the band is slightly 
smaller (~10 percent) than that for the ground rota- 
tional band, whereas a particle-excitation level generally 
has a greater rotational moment of inertia. In the case of 
Pu™*, the rotational moment of inertia of the upper band_ 
is about the same as that of the ground band and 
constitutes no clear evidence for or against the vibra- 
tional assignment. 

The log ft values for beta decay to the 1029-kev band 
in Pu®* give further evidence bearing on the question of 
vibrational character. If the band were purely a gamma 
vibrational band with the individual nucleons remaining 
in paired configurations, a selection rule in the 2 
quantum number” makes the principal soft beta transi- 
tions from (2, 2+) Np** second forbidden (AQ= 2, no). 
The observed ft values indicate the beta transitions are 
only about a factor of 10 slower than average for 
allowed transitions. Clearly the Pu™* band in question 
cannot be of very pure vibrational character, if, indeed, 
it has vibrational character at all. One might speculate 
that for some levels the separation of the intrinsic 
structure of the deformed nucleus into vibrational and 
individual particle motion is just partially valid and 

*Q is the component of total individual-particle angular 
momentum along nuclear symmetry axis. 
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could lead to states with partial vibrational character 
giving enhanced £2 transition rates but with 2 not a 
very good quantum number. 
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The polarization of Li(p,s) neutrons emitted at a laboratory angle of 50° was measured as a function of 
proton energy from 2.21 to 2.40 Mev. Analysis of the polarization of the neutrons was performed by measur- 
ing the left-right asymmetry in scattering by oxygen. To determine more accurately the polarization 
produced in scattering by oxygen, the total cross section and angular distribution of scattered neutrons were 


remeasured. 


Measurements of the polarization of neutrons produced in the scattering by intermediate and heavy 
nuclei have been continued. The results were compared with polarizations calculated by assuming the 
complex square-well model proposed by Feshbach, Porter, and Weisskopf and modified by the addition of 


a spin-orbit interaction. 


INTRODUCTION 


EASUREMENTS of the polarization of neutrons 
produced in the scattering by intermediate and 
heavy nuclei have been reported previously by Adair, 
Darden, and Fields.' These measurements have been 
continued to study further the dependence of the 
polarization produced in scattering on the atomic 
weight. As in the previous experiment the polarization 
was determined by measuring the left-right asymmetry 
in scattering of polarized neutrons produced in the 
Li’(p,n) Be’ reaction. Before the polarization produced 
in scattering can be obtained from the measured 
asymmetries, the polarization of the incident neutrons 
must be determined. The polarization of the neutrons 
from the reaction was measured as a function of the 
incident proton energy using oxygen as the analyzer. 
The method of analysis has been described previously.' 
The polarization of neutrons produced in the scatter- 
ing by oxygen can be expressed in terms of the phase 
shifts describing the scattering. In order to obtain a 
more accurate determination of the phase shifts, the 
total cross section and the angular distributions of 


* Work supported by the U. S. Atomic Energy Commission 
and the Wisconsin Alumni Research Foundation. 

t Now at Atomic Energy of Canada, Ltd., Chalk River, 
Ontario, Canada. 

' Adair, Darden, and Fields, Phys. Rev. 96, 503 (1954). 


scattered neutrons in the energy region of the 440-kev 
resonance were remeasured. 


SCATTERING OF NEUTRONS BY OXYGEN 


The total cross section was measured by a conven- 
tional transmission experiment in which the transmission 
of a SnO, sample was compared with that of a Sn 
sample containing the same number of Sn nuclei per 
cm’ as were present in the oxide sample. Neutrons were 
produced by bombarding with protons a lithium target 
which had a stopping power of about 6 kev for the 
incident protons. The observed total cross sections 
corrected for inscattering are plotted in Fig. 1. 

Measurements of the angular distribution of neutrons 
scattered by oxygen were made for neutron energies 
410, 438, 465, and 493 kev by a method previously 
described.’ For the incident protons the lithium target 
used for the production of neutrons had a stopping 
power of 16 kev. To shield the neutron detector from 
neutrons coming directly from the source, a paraffin 
block was placed between the detector and source. 
In addition, the paraffin block served to collimate the 
neutrons so that at the sample position an area 3.7 cm 
wide and 6 cm high was irradiated by neutrons. The 
liquid oxygen scattering sample was contained in a 





*M. Walt and H. H. Barschall, Phys. Rev. 93, 1062 (1954), 
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Fic. 1. The total cross section of oxygen versus neutron energy. 
The solid curve was calculated assuming resonance parameters 
I'=48 kev and E,=442 kev and S-wave scattering indicated by 
the dashed line 


thin-walled stainless steel cylinder 1.3 cm in diameter 
which was surrounded by a cylindrical piece of styro- 
foam 0.7 cm thick. Scattered neutrons were detected 
with a recoil counter having an active counting volume 
2.5 cm in diameter and 10 cm long and filled with 
hydrogen to a pressure of 7 atmos. Upon being scattered 
from oxygen the neutrons lose an appreciable fraction 
of their energy in the laboratory system with the 
attendant decrease in the probability of being detected. 
The energy sensitivity of the counter was measured 
and corrections for the energy loss were applied to 
the data. 

Making the simplifying assumption that the 
scattering takes place in a plane perpendicular to the 
axis of the scattering sample, an estimate of the effect of 
multiple scattering on the angular distribution was 
obtained by graphical means. As a check a Monte 
Carlo calculation similar to that described previously” 
has been performed* for neutron energies of 438 and 
465 kev where the multiple scattering effect is most 
pronounced. The two methods give similar results. 
Since the number of scattering nuclei was not accurately 
known, only relative angular distributions could be 
determined. The observed angular distributions, which 
were normalized so that the integral over all solid 
angles gave the total cross sections, are plotted in Fig. 2. 

In the energy region investigated it is expected that 
only S- and P-wave scattering are important. The 
resonance in the total cross section for a neutron energy 
of about 440 kev is due to an odd parity level with total! 
angular momentum } in O” formed by P-wave 
neutrons.‘ At the resonance energy the contribution 
of resonance scattering to the total cross section is 
known and subtraction of this cross section from the 


*The author should like to thank Dr. M. Walt of the Los 
Alamos Scientific Laboratory for performing the Monte Carlo 


calculation 
*C. K. Bockelman, Phys. Rev. 80, 1011 (1950); R. K. Adair, 


Phys. Rev. 92, 1491 (1953) 


observed cross section gives the potential scattering. 
For energies sufficiently far from the resonance energy, 
the scattering is mainly the result of background 
potential scattering which was assumed to decrease 
linearly with energy. An attempt was made to fit the 
total cross section and angular distribution measure- 
ments with various Py and Py phase shifts and S-wave 
phase shifts cajculated from the assumed background 
potential scattering cross section. With a P; phase 
shift equal to zero and a Py resonance phase shift 
calculated for a resonance width of 48 kev at the 
resonance energy of 442 kev, good agreement with the 
data was obtained. The resonance phase shift was 
calculated by using the one-level dispersion formula‘ 
which takes into account the level shift. The solid 
line in Fig. 1 shows the calculated total cross section. 
In Fig. 2, the calculated angular distributions averaged 
over the energy spread of the incident neutrons are 
indicated by the curves. Reasonable agreement with 
the observed angular distributions was obtained for 
neutron energies of 410, 465, and 493 kev. Over the 
energy interval used in the 438-kev measurement, the 
angular distribution changes rapidly with energy, and 
inasmuch as the energy spectrum of the incident 
neutrons was not accurately known, the average of the 
calculated angular distribution could not be determined 
reliably. 

The calculated polarization produced by the oxygen 
analyzer depends sensitively on the assumed P,; phase 
shift. There are spin 4, odd-parity states in O'7 at 
excitation energies of 3.06 and 5.93 Mev. At the energies 
investigated here the contribution to the P; phase 
shifts from the latter level is less than 0.2°. The 
3.06-Mev bound level probably corresponds to the 
3.10-Mev state in the mirror nucleus F’’ which has a 
small reduced width, and the effect of this level on the 
scattering is negligible. Although a good fit to the 
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Fic. 2. Angular distribution of neutrons scattered by oxygen 
at neutron energies of 410, 438, 465, and 493 kev. The indicated 
errors include statistical errors and estimated errors in the multiple 
scattering corrections. The curves are the calculated distributions 
averaged over the neutron energy spread. 


* E. P. Wigner and L. Eisenbud, Phys. Rev. 72, 29 (1947). 

















SCATTERING OF POLARIZED 


total cross section and angular distribution measure- 
ments was obtained for a P-potential scattering phase 
shift equal to zero the measurements were not suffi- 
ciently accurate to allow the determination of a 
P-potential scattering phase shift less than 3°. For a 
neutron energy of 500 kev the hard sphere P-wave 
phase shift is about 6°. A calculation of the P-wave 
phase shift assuming the complex square well model 
proposed by Feshbach, Porter, and Weisskopf,® gives 
a value of less than 1°. 

Using the phase shifts obtained from the total 
cross section and angular distribution measurements, 
calculations were made of the polarization produced by 
the oxygen analyzer. 


POLARIZATION OF Li(f,n) NEUTRONS 


Oxygen was used to measure the polarization of the 
neutrons produced in the Li’(p,")Be’ reaction and 
emitted at a laboratory angle of 50° with respect to 
the incident proton beam. To determine the polarization 
of the neutrons from the reaction, the left-right asym- 
metry in scattering of the neutrons from oxygen was 
measured with the same apparatus used in the angular 
distribution measurements and with an experimental 
arrangement similar to that described previously. For 
a proton energy of 2.23 Mev a lithium target 65 kev 
thick was used and measurements of the asymmetry in 
scattering were performed for scattering angles of 60° 
and 90° c.m. All the other measurements were made 
with a lithium target which had a stopping power of 
about 35 kev for the incident protons. At proton 
energies of 2.27 Mev and 2.30 Mev the asymmetry was 
measured for six scattering angles from 45° to 120°. 
Measurements at the other energies investigated were 
made for scattering through 90°. The observed left-right 
asymmetries were corrected for multiple scattering and 
together with the calculated polarization produced by 
the oxygen analyzer allowed the determination of the 
polarization of the neutrons from the reaction. In Fig. 3, 
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Fic. 3. Observed left-right ratios for neutron scattering at 90° 
c.m. by oxygen versus proton energy and corresponding neutron 
energy. The vertical lines represent standard statistical errors 
The horizontal lines represent the spread in neutron energy 


* Feshbach, Porter, and Weisskopf, Phys. Rev. 96, 448 (1954) 
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Fic. 4. Polarization of Li’(p,n) neutrons versus proton energy 
The neutrons were emitted at 56° c.m. with respect to the incident 
proton beam. The solid curve is the polarization calculated by 
Adair for neutrons emitted at 60° c.m. 


the corrected left-right asymmetries for a scattering 
angle of 90° are plotted as a function of the incident 
proton energy. As expected, the left-right scattering 
ratio changes from a value greater than one to a value 
less than one for the neutron energy at which the 
polarization produced in scattering by oxygen changes 
sign. The measured polarizations of the Li(p,2) neutrons 
are plotted versus the incident proton energy in Fig. 4. 
For the energies at which measurements were made for 
several scattering angles, the averages of the polariza- 
tions obtained for the different angles are shown. 

Adair’ has calculated the polarization of neutrons 
produced in the reaction as a function of the proton 
energy, and the calculated polarization of neutrons 
emitted at 60° c.m. is indicated by the solid curve in 
the figure. In the present experiment the measurements 
were made for neutrons emitted at 50° laboratory angle 
or 56° c.m. There is good agreement between the 
measurements with small statistical errors and the 
calculated values. The small! polarization produced by 
the oxygen analyzer for some neutron energies results 
in large errors in the measured polarization of neutrons 
with these energies. 

Willard and co-workers* have reported measurements 
of the polarization of neutrons produced in the Li(p,») 
reaction and emitted at a laboratory angle of 42° with 
respect to the incident protons. Their results indicate a 
nearly constant value of 0.50+0.04 for neutrons with 
energies from 300 to 550 kev and are larger than the 
values obtained in the present investigation. 


POLARIZATION OF NEUTRONS SCATTERED 
BY HEAVY NUCLEI 


The polarized neutrons from the Li’(p,n) reaction 
were used to measure the polarization of neutrons 
scattered by intermediate and heavy nuclei. In these 
measurements 380-kev neutrons from the reaction 


7R. K. Adair, Phys. Rev. 96, 709 (1954) 
* Willard, Kington, and Bair, Phys. Rev. 95, 1359 (1954) 
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Fic. 5. In the upper part of the figure, the total cross section 
divided by the geometric area of the nucleus is plotted versus 
the nuclear radius in units of 10™ cm. The polarization of neutrons 
scattered by nuclei is plotted as a function of the nuclear radius 
in the lower part of the figure. The nuclear radius was assumed to 
be 1.454!X10™ cm. Experimental measurements for 380-kev 
neutrons are shown by the points. The curves are the values 
calculated by using the complex square-well potential V = [—42 
x (140.037) —3.0 Is} Mev 


emitted at a laboratory angle of 50° were scattered from 
the element under consideration and the left-right 
asymmetry in scattering through 90° was observed. 
The polarization of the incident beam of neutrons which 
had an energy spread of 65 kev was 42+6 percent. There 
is good agreement between the observed asymmetries 
and those previously reported. However in the previous 
experiment the polarization of the incident neutrons 
was found to be 5346 percent compared with 42+6 
percent measured in the present investigation. Hence 
the polarization produced in scattering by the inter- 
mediate and heavy nuclei was assigned a value 20 
percent smaller than in the present measurements. 
The measured polarizations are shown in the lower 
part of Fig. 5 as a function of the nuclear radius which 
was assumed to be given by 1.454! 10~" cm, where A 
is the atomic weight. The vertical bars represent statis- 
tical errors only and do not include the uncertainty in 
the polarization of the incident beam. For atomic 
weights near 100 the polarization reaches a maximum 
value of about 20 percent. The lightest elements 
investigated, Cu and Zn, produce little polarization 


while the heaviest elements, Bi and U, produce small 
polarizations of sign opposite to that observed for the 
other elements. 

‘Feshbach, Porter, and Weisskopf* have proposed a 
model in which the interaction between a neutron and 
a nucleus is described by a complex square-well potential 
V = —42(1+0.03i) Mev for r<R. The nuclear radius 
R_is‘given by 1.4544X10-" cm, where A is the atomic 
weight. While this model has been successful in repro- 
ducing qualitatively the variations of the total cross 
section with atomic weight and neutron energy, it 
does not contain a spin-dependent interaction which 
was shown to be present by the observed polarizations. 
Calculations of the polarization produced in the 
scattering of 378-kev neutrons were performed by 
assuming a spin-orbit interaction of the form V’ I-s in 
addition to the complex square well potential. S and 
P-wave scattering were considered. The solid curve in 
Fig. 5 represents the polarization calculated for 
V’=—3.0 Mev. The model gives correctly the small 
polarizations observed for the lightest elements and 
also tke position of the peak in the polarization though 
the magnitude appears to be too large. However, the 
model gives a large negative polarization in the region 
of R=6.3X10~-" cm whereas the measurement for 
Se with R=6.23X10~" cm indicates little polarization. 
Further, large positive values are predicted for the 
region of U in disagreement with the obse:ved polariza- 
tion which has the opposite sign. 

Recently Thomas’ has calculated the polarization 
produced in scattering for a complex square-well 
potential and a spin-orbit interaction which is effective 
only at the nuclear surface where it has the form of a 
delta function. In these calculations neutrons with 
orbital angular momentum up to and including three 
units were considered. The results for the surface 
spin-orbit interaction are qualitatively the same as 
those obtained for the uniform spin-orbit interaction. 
For both spin-orbit interactions the maxima and 
minima in the calculated polarization occur for the 
same atomic weights. 

Calculations have also been made of the total cross 
sections of intermediate and heavy elements for 378-kev 
neutrons as a function of the atomic weight assuming 
the presence of a spin-orbit interaction. In the upper 
part of Fig. 5, the calculated and observed total cross 
sections divided by the geometric area of the nucleus 
are plotted versus the nuclear radius. The addition of 
a spin-orbit interaction to the complex square-well 
potential makes the fit to the observed total cross 
sections worse. Failure of the models in the prediction 
of the total cross sections indicates that better agree- 
ment between the calculated and observed polarizations 
cannot be expected. 


*R. G. Thomas (private communication 
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The relative amounts of bremsstrahlung produced by the elements Cu, Ta, Pb, and U for incident electrons 
of energy 24 and 34 Mev were measured by using the Cu“ (y,")Cu® reaction as the photon detector. Because 
of the shape of the cross-section function, photons were detected in a comparatively narrow energy band 
centered at 17.5 Mev. The electron beam was monitored by a Faraday cup placed immediately behind the 
radiator and detector foils. Corrections were applied to account for ionization and radiation losses of the 
electrons, and for pair production and Compton losses of the photons. 

The experimentally-determined “‘thin-target”’ cross sections relative to copper for Ta, Pb, and U, respec 
tively, were 5.681+0.13, 6.959+0.16, and 8.221+0.19 per atom, at 24 Mev; and 5.583+0.08, 6.77040.09, 
and 8.172+0.12 at 34 Mev. These values are from five to thirteen percent lower than the corresponding 
ratios calculated from the Bethe-Heitler theory (including screening and radiation produced in collision 
with atomic electrons). The results are consistent with a deviation from theory of (1.54+0.2) K10™* Z* 
percent for 24-Mev electrons, and (1.38+0.14) X10~* Z? percent for 34-Mev electrons. 


INTRODUCTION 


HE theory of bremsstrahlung of relativistic elec- 

trons as developed by Bethe and Heitler' has had 
numerous experimental tests which prove that it is 
qualitatively correct,?* but some of which indicate 
quantitative deviations of the order of ten percent for 
high-Z elements.‘ Similar deviations have been well 
established in the related phenomenon of pair produc- 
tion and have been attributed to the failure of the Born 
approximation used in the theories.** Recently, Bethe, 
Davies, and Maximon"-"' have published bremsstrah- 
lung and pair-production theories based on the use of 
Furry wave functions, which they estimate to be 
correct to order mc*/e where ¢ is the energy of the final 
electron in bremsstrahlung or that of the less energetic 
electron in pair production. Their integral pair-produc- 
tion cross section agrees well with experiment for photon 
energies greater than 80 Mev and “not unreasonably”’ 
at 17.6 Mev. 

Their theories indicate an important difference be- 
tween bremsstrahlung and pair production such that in 
the limit of complete screening the bremsstrahlung cross 
section agrees with the Born-approximation result 
whereas the pair-production cross section does not. In 
the opposite limit of no screening, however, the new 
theories indicate that both the bremsstrahlung and 
pair-production cross sections are the same fraction 


* The research reported here was supported by the joint pro- 
gram of the Office of Naval Research and the U. S. Atomic 
Energy Commission. 
+ Now with Pratt and Whitney, Hartford, Connecticut. 
1H. A. Bethe and W. Heitler, Proc. Roy. Soc. (London) A146, 
83 (1934). 
? J. W. Dewire and L. A. Beach, Phys. Rev. 83, 476 (1951) 
* Powell, Hartsough, and Hill, Phys. Rev. 81, 213 (1951) 
‘L. H. Lanzl and A. O. Hansen, Phys. Rev. 83, 959 (1951) 
'C. D. Curtis, Phys. Rev. 89, 123 (1953 
* A. I. Berman, Phys. Rev. 90, 210 (1953) 
7C. R. Emigh, Phys. Rev. 86, 1028 (1952) 
*R. L. Walker, Phys. Rev. 76, 527 (1949) ; 76, 1440 (1949) 
* J. L. Lawson, Phys. Rev. 75, 433 (1949). 
© H. A. Bethe and L. C. Maximon, Phys. Rev. 93, 768 (1954). 
" Davies, Bethe, and Maximon, Phys. Rev. 93, 788 (1954) 
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lower than the result based on the Born approximation. 
The new integral bremsstrahlung cross section for the 
case of intermediate screening has not been published, 
but it is expected to be lower than the Born-approxi- 
mation value. 

The present paper came about as a result of recent 
measurements of the absolute (y,#) cross sections of 
copper” and carbon." It was desirable in these measure- 
ments to use a radiator having the maximum photon 
yield and a minimum ionization loss. This requirement 
is satisfied with a high-Z element; however, the devia- 
tion of the absolute bremsstrahlung cross section is 
expected to increase with Z. Berman and Brown" used 
a copper radiator for this reason, assuming that the 
deviation would not differ markedly from that which 
had been observed previously for pair production, 
Barber et a/." used both tantalum and copper radiators, 
and observed a discrepancy of 7+2 percent in the 
evaluation of the C'*(y,n)C" cross section based on the 
Bethe-Heitler theory, the tantalum yielding an appar- 
ently lower cross section, 

The reaction Cu™(y,2)Cu™ was chosen as a photon 
monitor for the present experiment because the cross- 
section curve has a sharp maximum at 17.5 Mev and 
has less than five percent of its total area above 24 
Mev.” The primary electron energies were chosen as 
24 and 34 Mev in order to gain information about the 
effect of energy dependence and yet keep the corrections 
for the degradation of energy in the finite radiator 
foil small. 
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EXPERIMENTAL TECHNIQUE 


The experimental equipment and techniques em- 
ployed in this experiment are identical to those de- 
scribed by Berman and Brown in their determination 
of the Cu®(y,n)Cu® absolute cross section,” with the 
exception that various materials—Cu, Ta, Pb, and U— 
were successively employed as radiators. In brief, the 


@ A. I. Berman and K. L. Brown, Phys. Rev. 96, 83 (1954) 
8 Barber, George, and Reagan, Phys. Rev. 98, 73 (1955). 
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technique was to pass the external electron beam of 
the Mark II 
through a stack of foils into a Faraday-cup electron 
The foil stack 0.002-in. 


copper foil followed by a radiator foil of approximately 


38-Mev peak energy) linear accelerator 


integrator consisted of an 


0.025 radiation length and a second 0.002-in. copper 


foil. To prevent errors due to variations in detector-foil 
thickness the same matched pairs of foils 


the various radiators. The Cu® 
minute half-life 


ised 


9.73 


were 
with activity 


induced in the front and rear foils 


was measured with a 4x scintillation counter 

The quantity of interest is that part of the induced 
foil 

the 0.025-radiation-length radi 

induced by the virtual quanta 

associated with the electromagnetic field of the moving 


activity in the second which is due only to the 


photons produced in 
ator. The activity 


electrons, by neutrons or stray gamma radiation enter 


} 


ing with the electrons, is the same in the front as in 


the for corrections due to electron 


Therefore, 


rear foil (except 
energy losses in passing through the foils 
except for minor corrections, the activity induced in 
the rear foil minus the activity induced in the front foil, 
normalized to the integrated charge, yields a quantity 
proportional to the number of photons produced in the 
front foil pl is radiator. The fraction of this effect that 
is due to the front foil may be subtracted by reducing 
the data for the copper radiator first. The quantity 
finally determined, Y (£o,Z), is the induced activity per 


incident electron due to the radiator; then 


Vexp(Eo,Z)=N,N Sexy (hk, Eo,Z)ay, .(k)dk, 


where & is the quantum energy, £ is the electron energy, 
V, is the number of radiator nuclei per cm’, and N is 
the number of Cu® nuclei per cm* in the detector foil, 
o,.,(k) is the Cu™(y,n)Cu® cross section rs energy &, 
and ¢exp(*,Eo,Z) is the experimental ‘thin-target’ in- 
tegra! bremsstrahlung cross section for the element Z 


Es—p) =34 Mev 
Ta Pb U 


110.27 20.4 102.35 +0.3 108.36 +0.5 
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124.3041.9 19.70 109.98 133.37 160.98 +1.7 


800 +42 3966 4 3857 4 37504 3638 +40 


48.80 6 39.87 49 83 62.17 


O875 40.013 0.997 +0.010 0.947 +0.009 0.919 +0.009 0.889 +0.010 


From theory, and a knowledge of the shape of ¢,, ,(k) 
for copper, it is possible to calculate, by numerical 
integration, the quantity 


Eo-w# 
¥ 7(Eo,Z)= vv f or(k,Eo,Z)o+, n(k)dk, (2) 


where gr(k,E»,Z) is the Bethe-Heitler bremsstrahlung 
cross section including screening and modified by the 
factor [ (Z+6)/Z ] to take into account the contribution 
of atomic electrons in producing radiation. Values of 6 
varying from 1.08 in the case of uranium at 24 Mev to 
1.12 for copper at 34 Mev were calculated from the 
equations given by Wheeler and Lamb."* To compare 
experiment and theory, the ratio 


R(Eo,Z) = CV exp(Eo,Z)/ ¥ r(Eo,Z) (3) 


was calculated for each Z and both values of Eo. The 
value of the constant C was chosen arbitrarily to make 
the average value of R(£»,29) equal to unity. 


RESULTS 


The experimental! results, the important experimental! 
corrections, and the comparison with theory are shown 
in Table I. The quantity listed under the heading 
“Basic Data” (Row 1 of Table I) represents the average 
value of the second-foil Cu®™ activity (corrected for 
multiple-scattering effects) minus the first-foil Cu® 
activity, all divided by the observed integrated charge 
collected by the Faraday cup. The probable errors listed 
were determined from the internal consistency of fifteen 
bombardments made with each set of conditions. The 
technique of measuring the radioactivity in the foils 
and of measuring the integrated charge are discussed 
in detail by Berman and Brown.” The integrator cor- 
rection is an experimentally determined quantity and 
represents the change in the observed integrated charge 


"4 J. A. Wheeler and W. E. Lamb, Phys. Rev. 55, 858 (1939) 
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when the foils and radiators were placed in the path 
of the electron beam. This is due to the secondary 
electrons produced in the stacked foils which outweigh 
the loss of charge due to scattering. The degradation 
corrections are applied in order to compensate for both 
the energy loss of the electrons and the loss of photons 
in passing through the foils. After these corrections are 
applied, the resulting quantity is the “thin-target”’ 
yield due to the first foil plus radiator. The data ob- 
tained with the copper radiator are then used to deter- 
mine the effect produced by the first foil (Row 5, 
Table I). The net effect due to the radiator alone 
(Row 6) is divided by the foil thickness in mg/cm? 
(Row 7) and multiplied by the atomic weight to give 
the relative yield per atom of radiator (Row 8). Esti- 
mated errors due to foil nonuniformity of 0.7 percent 
in the cases of Cu, Ta, and Pb, and one percent in the 
case of U, are added statistically at this point. The 
relative yield per radiation length is tabulated in Row 9 
where the radiation length was computed from the 


formula 
4NZ(Z+1)se& \? i 
Xe=| ( ) In183Z ] 
137 mc 


The theoretical yield defined in Eq. (2) is listed in 
Row 10. The ratio Eq. (3) giving the comparison of 
experiment and theory is in Row 11. 

The values of R(£»,Z) are plotted as functions of 7 
in Fig. 1, and within experimental error they fall on 
straight lines. The lines plotted were obtained by least- 
square fitting of the four points at each value of Ep. 
From the straight lines it is found that R(J,Z) 
= R,(Ey)(1—KZ*) where K=(1.54+0.2)K10-* for 
Eo=24 Mev, and (1.38+0.14)«10~° for Eo= 34 Mev. 

It should be noted that if the curves gx,» and gr as 
functions of k were parallel over the range of k where 
77, n(k) is finite, the ratio R(Eo,Z) would be proportional 
tO. ¢exp/ yr. Since the curves are expected to be nearly 
parallel and since ¢,,,(k) is sharply peaked near 
k=17.5 Mev, the ratio R(£o,Z) is very nearly propor- 
tional to gexp(17.5,E0,Z)/ gr(17.5,Eo,Z). 

From the definition of R, it follows then that the 
average value [weighted by o,,.(k)] of ¢exp deviates 
from a similarly weighted ¢r and, to close approxi- 
mation, 


gr(17.5,Eo,Z)— gexp(17.5,Eo,Z) 
| —— =KZ. (5) 
gr(17.5,Eo,Z) 
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Fic. 1. The ratio R(£o,Z) of the experimental to theoretical 
photon yield is plotted as a function of Z*/100. The results have 
been normalized to make the average of R(34, 29) and R(24, 29) 
equal to unity. The straight lines are least-square representations 
of the data 


DISCUSSION 


The results of the experiment are appreciably affected 
by the corrections due to finite radiator thickness 
(Rows 2 and 3 of Table I). However, it should be 
emphasized that even before the corrections are applied 
the conclusion can be drawn that the experimental cross 
section relative to the Bethe-Heitler theoretical cross 
section decreases as a function of Z, Because of the 
higher ionization losses in the radiators of low Z, the 
effect of the thickness corrections is to increase this 
deviation. 

It is interesting to note that the experimental devia- 
tion from the Bethe-Heitler theory is nearly the same 
as is observed in the case of pair production by photons 
of 15 to 50 Mev.** For example, Berman’ working 
with photons of 19.5 Mev, expressed results in a form 
similar to Eq. (5) as 


7 ther ~ Cexp) O theor = 1.55 10 67? 


for pair production, This similarity between brems- 
strahlung and pair production at intermediate energies 
is consistent with the theories of Bethe ef al.!°" 

It is desirable to extend the bremsstrahlung experi- 
ments to higher initial electron energies where the 
screening is nearly complete. In this case, the recent 
theories’ predict that the bremsstrahlung cross sec- 
tion is correctly given by the Born approximation 
whereas the pair-production cross section is not. 

The authors wish to thank members of the staff of 
the High-Energy Physics Laboratory who have con- 
tributed to the completion of this research. 
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Excited States of Ce'**t 


Hersert H. Bovormyn, Cuartes H. Pervert, Pavt L. Roccenxamp,* anp Rocer G. WILKINSON 
Indiana University, Bloomington, Indiana 
(Received March 23, 1955) 


Scintillation and magnetic beta-ray spectrometry have been applied to the study of the more important 
levels of Ce. Coincidence experiments verify that successive levels ure at 1.60, 2.09, 2.42, and 2.53 Mev 
above the ground state and correspond to gamma rays of energies 1.60, 0.815, 0.490, 0.438, and 0.328 Mev. 
The relative intensities of the gamma rays are found to be 2.50, 1.15, 1.25, 0.15, and 1.00, respectively 


The energies and relative intensities of two weak high-energy transitions have been determined by means . 
of a scintillation pair spectrometer. Values of 2.50+-0.05 and 3.00+0.20 Mev are obtained with corre- 
sponding intensities of one percent and 0.04 percent of the 1.60-Mev gamma-ray. The beta-ray measure- 
ments substantiate the relative intensities and end-point energies of the beta-ray groups which have been ra ’ 


reported by others. In addition, it has been possible to estimate the internal conversion coefficients and 
K/L ratios. The angular correlation of four cascade pairs of the above gamma rays has been studied. The 
results obtained, together with the beta-ray and internal conversion data, are most consistent with the 
assignment 0, 2+, 4+-, 3+ for the ground state and first three excited states. The assignment 0, 2+, 4+, 
4+ cannot be definitely excluded 


INTRODUCTION due to beta rays. Pulses from each of the detectors were 
fed into linear amplifiers whose outputs were analyzed 
in fast differential discriminators. A coincidence circuit 
(2r= 1077 sec) was used to mix the pulses from the two 
channels. 

Aqueous and acid solutions of lanthanam chloride 
were prepared by chemical extraction from an equi- 
librium Ba'—La' sample obtained from the Oak 
Ridge National Laboratory. For the angular correlation 
measurements the source was contained in a thin-walled 


HE complex radiations from the decay of 40-hour 

La™ have been studied by a number of inves- 
tigators. Three somewhat different decay schemes have 
been suggested. The decay schemes proposed by Cork 
and co-workers' and Beach, Peacock, and Wilkinson’? 
were based on the beta-spectra end points and gamma- 
ray energies. Recently, Peacock, Quinn, and Oser’ have 
reinvestigated this decay more thoroughly and have 
proposed a decay scheme which is consistent with the 





coincidence studies of Bannerman, Lewis, and Curran.‘ 
The present work is concerned with the major features 
of this decay scheme which are shown in Fig. 1. The 
disintegration of La has been restudied with the help 
of scintillation counters and a 180° magnetic spectrom- 
eter with a view to checking the disintegration scheme 
and assigning spins and parities of the levels. The 
angular correlations between several pairs of gamma 
rays have been measured. The results of the angular 
correlation of four pairs of successive gamma rays and 
estimations of the K/L ratios, internal conversion coef- 
ficients, and intensity ratios for the gamma transitions 
are presented. Assignments of spins and parities of the 


first three excited states of Ce'” are proposed. 


EXPERIMENTAL PROCEDURES 


Cylindrical, canned thallium-activated Nal crystals, 
1 inch X1 inch, mounted on Dumont 6292 photomulti- 
plier tubes were used to detect the gamma radiations. 
Aluminum disks of one-eighth inch thickness were 
placed over the faces of the crystals to minimize pulses 


t Supported by the joint program of the Office of Naval Re 
search and the U. S. Atomic Energy Commission 

* Present address: Savannah River Laboratory, E 
deNemours and Company 

' Cork, LeBlanc, Stoddard, Martin, Branyan, and Childs, Phys 
Rev. 83, 856 (1951). 

* Beach, Peacock, and Wilkinson, Phys. Rev. 76, 1624 (1949 

* Peacock, Quinn, and Oser, Phys. Rev. 94, 372 (1954) 

* Bannerman, Lewis, and Curran, Phil. Mag. 42, 1097 (1951) 
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cylindrical teflon source holder and was placed 6 cm 
from the faces of both crystals. The crystals were 
provided with conical lead shields of sufficient thickness 
to eliminate crystal-to-crystal scattering in the gamma- 
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Fic. 1. Decay scheme of La'®—Ce'™. The relative intensities of 
the beta-ray groups and the energies of the gamma rays are those 
published by Peacock. The schematic of the decay at the lower 
left defines the notation used in this paper. 











were recorded at angular intervals of 15° between 90° 
and 270°. 


DECAY SCHEME 


Although the various authors are essentially in 
accord as to the identification of the prominent radi- 
ations involved in the decay, the presence of a number 
of weaker gamma rays has lead to proposed decay 
schemes which are somewhat different. It seemed ad- 
visable, therefore, to check the more important features 
of the decay with the higher resolution scintillation 
equipment now available before undertaking directional 
correlation studies. The single crystal spectrum shown 
in Fig. 2 exhibits photopeaks due to the more intense 
gamma rays of energies 1.60, 0.815, 0.490, and 0.328 
Mev (71, Y3, ¥2, and y4 respectively, as defined in Fig. 1). 
It is to be concluded that other gamma rays which have 
been reported in this energy region are considerably 
weaker, since most of the small irregularities in the 
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Fic. 2. Scintillation spectrum of Ce’ gamma rays. Circles 


represent the spectrum as registered by one counter. The lower 
curve is the coincidence spectrum obtained when the other counter 
is set to accept the photoelectron peak of the 0.490-Mev gamma 
ray. 


singles curve can be ascribed to either Compton elec- 
trons or backscattering associated with the stronger 
radiations. 

The coincidence curve shown in Fig. 2 was obtained 
with one channel set to accept the full photopeak due 
to the 0.490-Mev gamma ray while the other channel 
surveyed the spectrum. The curve shown in Fig. 3 
resulted when the fixed channel registered the 1.60-Mev 
gamma ray. These coincidence curves show that the 
0.490-Mev gamma ray is coupled with the 0.328-Mev 
radiation. The small double coincidence peak (Fig. 2) 
is to be expected if a weak 0.438-Mev gamma ray (7s) 
is also in cascade with the 0.490-Mev gamma ray. 
Moreover, y; is seen to be in coincidence with 2, 73, 
and ,. Further experiments show that 7; is in sequence 
only with the 1.60-Mev radiation. The coincidence 
data thus indicate that y,; either precedes or follows a 
Y2—7« cascade pair and its y; crossover. Since a delayed 
coincidence experiment yielded only “prompt” coin- 
cidences, the lifetime of the intermediate level of 7:2 
and -y, is estimated to be less than 10~* sec. This con- 
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Fic. 3. Scintillation spectrum of Ce gamma rays. Triangles 
denote the coincidence spectrum obtained when the fixed channel 
was set to record the photopeak of the 1.60-Mev gamma ray. 


figuration of the lower energy gamma rays receives 
strong support from the precise energy determinations 
of Hedgran and Lind.* They find that the sum of the 
energies of the cascade pair differs by only 0.20 kev 
from their measured value of 0.8151 Mev for ys. 
Finally, by using Bell’s* absorption cross section curves 
for Nal, the relative intensities of the gamma rays have 
been estimated from the data shown in Figs. 2 and 3. 
These are listed in Table I. 

Since accurate measurement of the energies and rela- 
tive intensities of the weak high-energy gamma rays by 
usual spectrometer techniques is impracticable, a scin- 
tillation pair spectrometer was employed for this 
purpose. A similar three-crystal NaI(Tl) spectrometer 
has been described by Bair and Maienschein.’ Pulses 
from the center crystal were analyzed with a differential 
pulse-height selector which was gated by pulses due to 
annihilation radiation from two side crystals. Figure 4 
shows the spectrum obtained in this way. The three 
peaks, which appear at energies 2mc* less than the 
gamma ray energies, are ascribed to radiations at 1.60, 
2.50+0.05, and 3.0+0.2 Mev. The relative intensities 
calculated from the areas under the peaks and the pair 


TABLE I. Gamma-ray intensities and internal-conversion data. 


yi 1 oO v2: 049 ye: OB1S ye: 0328 ye OAK 
Mev Mev 


vi Mev Mey Mev 

Relative inten- 

sity of + to 

vs: Kis 2.5 1.25 1.15 1.00 0.15 
Ratio of conver- 

sion of + to 

total 8 disinte 

gration: R, 0.0008 0.0040 0.00168 0.0124 0 
Total conversion 

coefficient : a, 0.0008 0.00831 0.00412 0.0349 
K-conversion f 

coefficient: ax; 0.0008 0.00732 0.00412 0.0307° 
K/L ratio large 74 large 74 


* A. Hedgran and D. Lind, Arkiv. Fysik 5, 177 (1952). 
*P. R. Bell, Oak Ridge National Laboratory (privately cir- 
culated tables). 

7J. K. Bair and F. C. Maienschein, Rev. Sci. Instr. 22, 343 
(1951). 
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Fic. 4. Triple coincidence curve obtained with a scintillation 
pair spectrometer. The peaks which appear at about 0.60, 1.45, 
and 2.0 Mev are due to gamma rays of energies 1.60, 2.50, and 
3.0 Mev. The 1.60-Mev radiation of Ce and the 2.62-Mev 
gamma ray of ThC’ were used for calibration 


production absorption probabilities, are 100, 1.0, and 
0.04, respectively. 

The beta-ray spectrum of La’ has been measured 
in a small 180 
good agreement with the results of Peacock ef al.’ This 
spectrum has been resolved by Peacock into five groups 
having end-point energies of 2.15, 1.67, 1.34, 1.10, and 
0.83 Mev. The relative intensities of these groups and 
the corresponding log /f values are listed in Table II. 
From these energy determinations it seems clear that 
the 0.328-Mev gamma ray precedes the 0.490-Mev 
transition. Also from the beta-ray energetics, the 
1.60-Mev gamma ray must follow the 0.328—0.490 
Mev cascade. The weak 0.438-Mev gamma ray (15 
percent of the 0.328-Mev radiation) which is in coin- 
cidence with the 0.490-Mev gamma ray must precede 
it. It may be concluded that the decay scheme is sub- 
stantially that of Fig. 1. Moreover, the relative inten- 


shaped field spectrometer and is in 


sities of the gamma rays to be expected on the basis of 
this scheme and the measured beta-ray intensities are 
in good accord with the scintillation results given in the 
first line of Table I. 

The configuration 3— of the ground state of the 
La’, indicated in Fig. 1, results from y-y and beta- 
gamma coincidence studies involving the radiations 
subsequent to the decay of Ba™. Although many of 
the details of the Ba'®—La'™ decay are still uncertain, 
the position of the strong 30-kev gamma ray, as shown, 
seems definite.' This assignment is supported by coin- 
cidence experiments which show that this radiation is 
in sequence with all of the stronger gamma rays as well 
as all of the higher energy beta rays. In addition, the 
lifetime and the 30-kev transition cannot be jong with 
respect to the 10-7 sec coincidence resolving time. Since 
the (ds,2,fr/2) shell-model configuration of the La™ 
ground state requires negative parity, a spin of at 
least 3— is required to explain the absence of ground- 
the Ba'®—La™ and 


state beta transitions for both 
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La’”“—Ce™ decays. A higher spin than this would not 
be compatible with the relatively short lifetime of the 
30-kev level and the log ft value of 8.0 for the beta rays 
to this level. 


INTERNAL-CONVERSION COEFFICIENTS 


Reasonable estimates of the internal-conversion coef- 
ficients of the stronger transitions (71, ye, Y3, Y4) can 
be made without detailed knowledge of the number, 
order, or intensities of the gamma rays which lie above 
the 2.42-Mev level. From the beta-ray spectrum the 
ratios R; of the total number of conversion electrons 
of the particular gamma transitions y,; to the total 
number of beta disintegrations have been measured 
(Table I). Reference to Fig. 1 shows that if the very 
weak 0.938, 2.5, and 3.0 Mev transitions are neglected, 
the total internal conversion coefficients of the respective 
gamma rays can be obtained by equating the number 
of conversion electrons and gamma rays arising from 
a given level to the number of beta rays that lead 
directly or indirectly to this level. These may be written 
as follows: ‘ 


a,=R,/(1—R,), 

a= R2(1+432)/(1— fa—Rs— R2), 
ay= R3(1+ gastf03)/(1— fsa—Rs— Ry), 
ag= Ry(1+gs44+ 854) (1— fr Rs— Ry). 


In these expressions, g;; refers to the ratio of the gamma- 
ray intensity of y; to y;, and f; denotes the fraction of 
the total beta-ray transitions which lead to levels which 
lie below that from which +; originates. From Fig. 1, 
it is seen that f.=0.07 and f;=/,=0.17. The total 
internal conversion coefficients which result are listed 
in Table I. A check on the values of a; may be obtained 
by noting that 


a;=gijaiR; Ry. 


Thus, in terms of a, as obtained above, the values of 
a, and a, agree within 10 percent of the values given 
in Table I. 

Estimates of the K/L ratios for yz and y, have been 
made from the beta-ray spectrum. No conversion 
other than K conversion can be seen for y; and ¥3. 
These values together with the corresponding values of 
ax are also given in Table I. 


ANGULAR CORRELATIONS 


On the basis of the foregoing decay scheme, angular 
correlation measurements of the y;— a, Y1— ‘2, ¥1—Y4 


Taste II. Beta-ray groups of La™. 








8 group 3 82 63 
Energy 2.15 Mev 1.67 Mev 1.34 Mev 
Relative intensity 7% 10% 45% 

Log ft 9.03 8.67 7.66 
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and y2—~, cascades were undertaken. (The notation, 
as before, is described in Fig. 1.) Reference to Fig. 2 
shows that the gamma rays in question are well resolved 
and that reliable results should be possible with the 
use of energy discrimination. In each correlation, singles 
were taken in both channels before and after the coin- 
cidence measurements to ascertain chance coincidence 
rates and to monitor drift in the equipment. A number 
of runs were taken for each correlation and a weighted 
average obtained after correction for decay, chance 
coincidences, and source asymmetry. The methods of 
analysis were essentially those described by Rose,* 
Klema and McGowan.’ From the data, a least-squares 
fit was made of the function 


W (0) =a+bP2(cosé@)+-cP,(cos8). 
Finite size of the detectors necessitated correction for 


solid angle. These were made following the method 
outlined by Rose.* 


0.815 — 1.60 Mev Correlation 
The correlation between y,—-y3; was measured with 
both channels set to accept the energy interval which 
included the y; photopeak and the 7; photopeak. As 
can be seen in Fig. 2, this setting increased the coin- 
cidence efficiency without including any significant 
portion of the scintillation spectrum due to any other 
gamma rays. The analysis of the data resulted in the 
following function: 
W (0) = 1+0.0367 P.—0.025P,, 
CW (180°) — W (90°) )/W (90°) = +0.0374-0.004, 


1.60 —0.490 Mev Correlation 
The yi—vy2 angular correlation was measured with 
one channel set to accept the y; photopeak and a portion 
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Fic. 5. Directional correlation of the 0.490- and 
1.60-Mev radiations. 


‘ME Rose, Phys. Rev. 91, 610 (1953 
* E. D. Klema and F. K. McGowan, Phys. Rev. 91, 616 (1953 
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Fic. 6. Directional correlation of the 0.328- and 1.60-Mev 
radiations. A similar function was obtained for the angular corre 
lation between 0.328- and the 0.490-Mev gamma rays. 


of its Compton distribution, with the second channel 
accepting the higher side of the photopeak of v2. The 
latter setting was adopted to eliminate the effects of 
the weak 0.438-Mev gamma ray which was also in 
coincidence with y;. Allowance was made for the coin- 
cidences between the 1.60-Mev gamma ray and the 
Compton distribution of y; lying under the 2 photo- 
peak. The fractional number of such background 
coincidences was determined by extrapolation from the 
coincidence curve of Fig. 2 and subtracted from the 
data. The correction obtained in this way should be 
valid since the correlation described in the previous 
section is almost isotropic. The resulting correlation 
function for the y;— 2 cascade is 


W (8) =1+0.106P,—0.013P,. 


From the plot of this function shown in Fig. 5, it may 
be seen that the anisotropy is 0.1672-0.004. 


0.328 — 1.60 Mev Correlation 


With the channel width of one discriminator adjusted 
symmetrically over the photopeak of y, and the other 
set to accept the photopeak of y;, as well as a portion 
of its Compton distribution, the angular correlation of 
this cascade was found to be of the form 


W (6)=1—O0.081P». 


A plot of this function is shown in Fig. 6. 
Measurements involving this cascade are not as 
clear-cut as the preceding ones, since the background 
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Taste IIL. Experimenta! values of the coefficients of the direc- 
tional correlation function W(d)=1+A2P;(cosd) +A.P,(cosd 


Correlation 


Mev As As 


0.315-1.60 0.00367 +0.0054 —0.025+0.020 
0.490-1.60 0.106+0.024 0.0013+0.0019 
0.325-1.60 0.081+0.03 . 


0.328-0.490 ~0.0924-0.020 


coincidences arise from three sources. Reference to Fig. 
2 shows that spurious coincidences result from Compton- 
scattered gamma rays of ‘ys, y2, and 7s which lie under 
the +, photopeak. A correction has been applied for the 
first of these effects in the manner described in the 
discussion of the 1.60—0.490 Mev correlation. It was 
not possible to correct for the coincidence background 
due to 72 and the weak +s since the “Compton peaks” 
of ys and 7, lie beneath the y, photopeak. Such a cor- 
rection would be further complicated by the fact that 
coincidences between the Compton scattered 2 and the 
1.60-Mev gamma ray are angle-dependent. In spite of 
this difficulty, the sign and lower limit to the magnitude 
of the anisotropy which result from this experiment are 
thought to be reliable. Any further corrections, if they 
could be applied, would tend to make the measured 
anisotropy even more negative since the greatest con- 
tribution to the correction would come from the positive 
angle dependence of the y:—~72 coincidences. 

Since a considerable number of Compton-scattered 
gamma rays accompanied these measurements, it might 
be argued that crystal-to-crystal scattering which would 
predominate at the 90° setting could account for the 
negative anisotropy. To check on this effect, a series of 
measurements of the well-known angular correlation 
of Co™ were made in such a way as to simulate the 
Compton scattering conditions which prevailed in the 
Ce experiment. The gamma rays of Co™ have energies 
which are in the range of the 1.60- and 0.815-Mev 
radiations of Ce’ and thus give rise to a scintillation 
Compton distribution which is similar to that of 7; 
and y;. With the differential discriminator set to accept 
only Compton-scattered gamma rays of Co® in the 
0.3-0.15 Mev region, i.e., in the range of y2, ys, and ys, 
the well established 0-2-4 correlation was obtained. It 
is believed, therefore, that crystal-to-crystal scattering 
was not present in any of the Ce’ experiments. 


0.328 —0.490 Mev Correlation 


In measuring the y:—~y, correlation, the first and 
second discriminators were set on the photopeaks of 
the 0.328- and 0.490-Mev gamma rays, respectively. 
After analysis, the following correlation function was 
obtained : 

W (@)=1—0.092P,. 


The same perturbations which were present in the pre- 
ceding correlation are present in this case as well. 
Again, corrections for these effects tend to make the 
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correlation function more negative. There is in addition, 
the effect of the presence of +; comptons under +2 which 
together with 4 are rise to a negative correlation. 
Although correction for this effect would attenuate the 
observed negative anisotropy, it is felt that this per- 
turbation is much smaller than those due to the other 
background contributions. As in the previous case, the 
experiment therefore yields the proper sign and lower 
limit to the magnitude of the correlation. 

Table III summarizes the results of all of the direc- 
tional correlation experiments. The errors indicated are 
statistical and do not take account of possible sys- 
tematic or instrumental effects. 


DISCUSSION 


The experimental value of the angular correlation 
between the 1.60- and 0.490-Mev gamma rays is seen 
from Fig. 5 to agree with the theoretical 0-2-4 dis- 
tribution to be expected for the first and second excited 
states of even-even nuclei. The estimates of ax and the 
K/L ratio listed in Table IV support the £2 assignment 
for both gamma rays. Furthermore, the log ft values 
(Table IT) of the two beta groups leading to these levels 
from the decay of La™ are both in the first forbidden 
range, in accordance with these assignments and the 
spin and parity of the La ground state. The charac- 
terization of these radiations as listed in the last row of 
Table IV appears quite certain. 

The 0.815—1.60 Mev correlation measurement is ex- 
pected to be the most reliable since no correction for 
extraneous coincidences was necessary. The very small 
positive anisotropy cannot be interpreted as an attenu- 
ation of the correlation due to external field effects, 
since the y:—7yz correlation which involves the same 
intermediate state does not exhibit such “washing 
out.” Therefore, the correlation cannot lead to a 0-2-4 
sequence as Robinson and Madansky" have suggested. 
In fact, no theoretical correlation involving two pure 
multipole transitions results in such a small anisotropy. 
Since the 1.60-Mev gamma ray has been shown to be 
a pure £2 transition, the correlation can be interpreted 
if a mixed multipole assignment of the 0.815-Mev 


Tasie IV. Summary of results. 


1.60 Mev 0.815 Mev 0490 Mev 0.328 Mev 
Spin change as 
obtained from 
angular correla- 
tion 2 2 or 1 2 Oortl 
ax (exp 0.0008 0.0041 0.0073 0.031 
ax (theor 0.0007 (E2) 0.0028 (£2 0.031 (E2 
0.0044 (Af1) 0.010 (£2) 0,044 (M11) 
0.025 M3) 
K/Liexp high high 74 74 
K/Liemp ~10 (E2 ~8 (M1 or 7.8 (£2) 8 (M1) 
E2) S$ (E2) 
Assignment E2 Mi+E2 E2 M1 or 
Mi+82 


* B. L. Robinson and L. Madansky, Phys. Rev. $4, 1067 (1951). 











transition is assumed. A mixing ratio of 1.8-3 percent 
for E2/M1 or 36 percent for M3/£2 fits the measured 
distribution according to assignments of 3+ or 4+, 
respectively, for the 2.42-Mev level." Of the two possi- 
bilities, the estimated ax listed in Table IV seems to 
favor the E2— M1 mixture. No assignment other than 
3+ or 4+ is consistent with the experimental evidence. 
Assignment of 3+ or 4+ is in fair agreement with the 
log ft values of 83 given in Table II. 

The two angular correlations involving the 0.328— 1.60 
and the 0.328—0.490 Mev gamma-ray pairs, although 
subject to uncertainty in magnitude, serve to corrob- 
orate the foreoing interpretation. The theoretical 
anisotropies to be expected for these correlations, when 
- the spins of the levels are successively 0-2-4-3, are 
negative for both and are both given by" 


W (6) =1—0.140P2. 


For the case 0-2-4+4, positive anisotropies are expected 
with the following correlation applying to both pairs: 


W (6) =1+0.197P3. 


“ L. C. Biedenharn and M. E. Rose, Revs. Modern Phys. 25, 
729 (1953). 
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In the first case (O-2-4-3), an assignment of M1 or 
E2+-M1 for the 0.328-Mev transition is possible from 
the experimental correlation. In the second case (0-2- 
4-4), the negative experimental anisotropies can only 
be obtained if this transition is of a mixed E2—M1 
character. Rose’s"® theoretical K conversion coefficients 
for the £2 and M1 cases (Table IV) are too close in 
value for the estimated value of ax to distinguish 
between the two possibilities. The K/L ratio would 
seem to favor the M1 assignment and the corresponding 
spin of 3+ for the 2.42-Mev level. It may be further 
mentioned that the measured intensities of the gamma 
rays originating from this level are in keeping with 
either a 3+ or 4+ configuration. Although the possi- 
bility of 4+ is not eliminated by these experiments, the 
configuration 3+- seems more in keeping with all of the 
data of Table IV. 
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A tentative explanation for a group of favored negatron transitions from nuclei with N—Z=3 is pro 
posed on the basis of a deviation from the supermultiplet formalism due to spin-dependent forces. The 


experimental evidence is exhibited and discussed. 


1. INTRODUCTION 


HE supermultiplet formalism’ provides, thus far, 
the most natura! theoretical explanation of the 
striking empirical difference between favored and un- 
favored allowed 8 transitions. The empirical fact that 
the unfavored decays have transition matrix elements 
(squared) that are, on the average, about a hundred 
times smaller than those of the favored decays is in 
qualitative accord with the supermultiplet formalism 
insofar as it predicts that the only nonvanishing 
matrix elements are for transitions between states in 
the same supermultiplet. 
Exceptions to the theory can be put into two classes. 
First, there exist some transitions, such as P®—+Si*, 


* Supported by the U. S. Atomic Energy Commission. 
' E. P. Wigner, Phys. Rev. 51, 106 (1937). 

? E. P. Wigner, Phys. Rev. 51, 947 (1937 

*F. Hund, Z. Physik 105, 202 (1937). 

‘E. P. Wigner, Phys. Rev. 56, 519 (1939) 


that should, according to the theory, be favored but 
the empirical evidence indicates that they are not. 
Second, there exists a small class of 6 transitions that 
should be unfavored and yet show remarkably low 
comparative half-lives. In particular, the supermultiplet 
formalism in the approximation of spin independence 
for nuclear forces does not permit superallowed negatron 
decay for odd-A nuclei with A > 3. There is considerable 
experimental evidence from the decay of nuclei with 
T,=} to excited states of nuclei with 7,=} that is 
contrary to such a restriction. It is the purpose of this 
note to exhibit this evidence and to propose an explana- 
tion. The point of view adopted is that the spin de- 
pendence of nuclear forces is the most likely reason for 
a breakdown of the usual restrictions of the super- 
multiplet formalism. It is shown that the experimental 
observations of fast negatron decay to excited states of 
stable odd-A nuclei with AS 25 can be qualitatively 
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Fic, 1. Supermultiplet structure for nuclei with A=4n+1 or 
A =4n+-3 in the approximation of spin-independent forces 


accounted for by interpreting the final states of the 
fast transitions as possessing components of quartet 
intrinsic spin states belonging to the same super- 
multiplet as the initial state but lower in energy because 
of spin-dependent forces. 


2. SUPERMULTIPLET SPLITTING 


In order to exhibit some of the effects of spin- 
dependent forces on the supermultiplets, we examine 
first the supermultiplet structure of odd-A nuclei under 
the assumption of spin-independent forces. Figure 1 
gives a schematic diagram of two supermultiplets for 
nuclei with A=4n+1. The notation [4*-1] represents 
a core in which each space orbital has two neutrons and 
two protons and outside the core is one nucleon. The 
slope of the lines to the right is representative of 
Coulomb effects and accounts for positron decay within 
a supermultiplet after the neutron-proton mass differ- 
ence has been overcome by the Coulomb energy differ- 
ence. This slope to the right takes place for odd-A 
nuclei with A>3. Thus the usual criterion for super- 
allowed or favored-allowed 8 transitions (namely transi- 
tions within a supermultiplet) restricts these fast 8 
transitions to positron decay or electron capture for 


(A) (B) 
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Fic. 2. Detailed structure of (A) a doublet and (B) a quartet 
intrinsic spin state of the [4*~'-3-2] supermultiplet 


KING 


odd-A nuclei with A>3, at least in the approximation 
of spin independence for nuclear forces. 
| As illustrated in Fig. 1, the [4*~- 3-2] supermultiplet 
contains charge multiplets with 7=4 and T=§. While 
the states belonging to the T=} charge multiplet are 
restricted to doublet intrinsic spin values (S=}4), 
quartet values (S= 4) are possible for 7=4. Under the 
assumption of spin independence, the states (T=, 
T,=}, S=}), (T=}, T,=4, S=}), and (T=}, T,=}, 
S= }) belonging to the [4*~'-3-2] supermultiplet® corre- 
spond to a degenerate energy eigenvalue which exceeds 
the energy eigenvalue of the (T=, 7,=3, S=4) state 
belonging to the same supermultiplet* by the Coulomb 
energy difference minus the neutron-proton mass differ- 
ence. If, however, the detailed structure of the states 
is examined, it becomes clear that the known tendency 
for neutron and proton to favor the triplet intrinsic 
spin value is sufficient to account qualitatively for a 
lowering in energy of the S=3 states with respect to 
the S=} states. 

Figure 2 compares the detailed structure of the 

=}, 7,=4, S=}) state and the (T=}, 7,=}, S=}) 
state belonging to the [4*~'-3-2] supermultiplet. The 
distinguishing feature between the two states (and for 
that matter between (B) and any state with S=} 
belonging to the [4*~'-3-2] supermultiplet) is that (B) 
possesses two more pairs of particles in triplet intrinsic 
spin states than does (A). If we denote the energy 
difference between a triplet and singlet state for a pair 
of particles in equivalent space orbits by AZ,(=) and 
that same difference for a second pair of particles in 
nonequivalent space orbits by AE,(#), then the energy 
of the possible negatron decay between the two states 
of Fig. 2 can be expressed as 


Eg-= AE, (=)+AE,(#)—AE,, (1) 


where AE, is the Coulomb energy difference minus the 
neutron-proton mass difference. For the purposes of this 
discussion, AE, can be approximated by the mass 
difference between the neutral atoms of two mirror 
nuclei with corresponding nuclear charge. 

The term AE,(=) can be estimated from odd-odd, 
V=Z nuclei where the energy difference between the 
T=0, ground state and the lowest T=1, excited state 
is known. Although there are no direct measurements of 
AE,(#), the tendency for odd-odd, V#¥Z nuclei to 
favor triplet states speaks strongly for its positive 
value. 

The considerations of this section can be applied in 
the same manner to the A=4n+3 decays from T,=} 
nuclei to T7,=} nuclei (for example C'—>N"*). Thus, 
it can be expected that 3~ transitions from nuclei having 
Z protons and Z+3 neutrons will take place to excited 
states of nuclei having Z7+1 protons and Z+2 neutrons 


§ These states represent excited levels of nuclei such as Be’, 
C4, O, etc 

* This state represents the ground level of nuclei such as Li’, 
BN". ete. 











SUPERMULTIPLETS AND SPIN-DEPENDENT 


with log ft values characteristic of superallowed transi- 
tions? if 
AE. < AE, (=)+AE,(#). 


3. EXPERIMENTAL EVIDENCE 


Table I lists the experimentally known decays of the 
type that fit the description given in Sec. 2. Also listed 
are the decays that are expected to be favored but have 
not been investigated or are of such small intensity as 
to be virtually unobservable. 

The ft values are all in a slightly larger than image 
transition range but in a considerably smaller than 
unfavored range. The decay of F* appears to offer the 
best chance of observing another favored transition. 
Its 5s half-life is good assurance that the transition is 
favored and the energy and intensity of the transition 
to the excited state of Ne* are expected to be in the 
observable range. Although the Na*—>Mg** decay may 
satisfy the conditions necessary to produce a favored 
transition, it seems unlikely that the intensity of the 


TABLE I. Experimental evidence for favored negatron decay in 
nuclei with A =4n+-1 or A=4n+3.* 





Half-life Eg Eg- +E. 
A Disintegration seconds) (Mev) log fot (Mev) — 
9 sLig—,Be;* 0.17 7.3? 3.7 8.2 
11 «Be;—;B,* particle unstable? 
13 sBs—,C;* particle unstable? 
15 &Ce +zN," 2 4 3.5 3.6 5.7 
17 7N yo g05* 4.1 3.7 3.8 64 
19 8011-9 F 10* 29.4 2.9 4.3 5.7 
21 oF iz ~ioNe1:* 5 
23 wNei3—71, Nay" 4) 1.2 3.8 4.7 


25 wavaaliinatte-ad 62 





* For complete references see National Bureau of Standards Circular 499 
(U. S. Government Printing Office, ge a on, D. C., 1950), its supple- 
ments, and Nuclear Science Abstracts, Vol. 6, No. 24B (1952), Vol. 7, 
No. 24B (1953), Vol. 8, No. 24B 1954), and Vol 9, No. 6B (1955). 


transition would be sufficient to detect even the + 
following the decay (see Sec. 4). 


4. CORRELATION OF EMPIRICAL EVIDENCE 
WITH PROPOSED INTERPRETATION 


It is of interest now to correlate the values given in 
Table I with the proposed interpretation of these 
experimental results. Figure 3, shows a plot of Eg-+AE, 
= AE,(=)+AE,(#) against Z of the decaying nucleus, 
and also a plot of AE, against Z of the decaying nucleus. 
This diagram demonstrates quite clearly why favored 
8 transitions are not observed for A > 25. The Coulomb 
energy difference becomes large enough to compete 
favorably with the energy gained by the quartet com- 
ponent of the final state. An extrapolated value for 
E3-+AE, shows that the favored transition from Na™ 
would be of the order of 200 or 300 kev, and in view of 
the known complex 8 decay of Na* with a highest 
energy component of ~3.7 7 Mev, it is expected that the 


7Since 47 #0, only init! Teller matrix elements need be 
considered. 
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Fic. 3. Plot of Eg-+AE, and AE, vs Z of the decaying nucleus. 


favored transition would take place at most in only a 
few hundredths of a percent of the decays. It is thus 
not surprising that the favored transition from Na” is, 
as yet, unobserved. 

It is too much to hope that the spin-dependent 
forces present in the nucleus are such as to permit both 
L and S to be good quantum numbers. We know, in 
fact, that this is not the case from the example of the 
deuteron. It is, however, reasonable to investigate the 
simple interpretation represented by Eq. (1) in order 
to determine the degree of approximation that it 
represents. 

In Fig. 4 the values of AZ,(#) are plotted against Z 
of the decaying nucleus. The values of AE,(#) have 
been obtained by identifying AE,(=) with the energy 
difference between the T7=1 and T=0 states of the 
“proper” odd-odd, NV =Z nucleus. It turns out that the 
“proper” odd-odd, N=Z nucleus for both A=4n+1 
and A=4n+3 decays has A=4n+-2. For comparison 
a plot of AE,(=) for the odd-odd, V=Z nuclei is also 
included. 

The values of AE,(#) given in Fig. 4 are surprisingly 
large, but they show the same tendency to decrease 
with A as do the AE,(=) values, and the striking 
feature is that AE,(+#)—AE,(=) remains at a roughly 
constant value of about 3 Mev. The apparent strong 
correlation between AE,(=) and AE,(#) speaks favor- 
ably for the model proposed. While the magnitude of 
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Fis. 4. Plot of AE,(») 9s Z of the decaying nucleus and AF,(=) 
os Z of the appropriate V = Z, nucleus. 
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splitting for nuclei with A =4n+1 or A=4n+3 


AE,(#) strains belief, it is of some interest to speculate 
on the possible origin of such a difference between the 
two quantities. Considering the general form for a 
potential of the exchange type between pairs of par- 
ticles, the terms that could give rise to the behavior 
exhibited in Fig. 4 must satisfy at least two require- 
ments. (i) They must distinguish between singlet and 
triplet intrinsic spin states. (ii) They must distinguish 
between equivalent and nonequivalent space orbits in 
the sense of the supermultiplet formalism. Because of 
the ~3 Mev difference involved, it seems reasonable 
to add to requirement (ii) the condition that the distinc- 
tion between equivalent and nonequivalent orbits 
should be apparent in the exchange character and not 
just in the function of distance between the two par- 
ticles. Two forces satisfy the above requirements 
the Heisenberg force and the tensor force with a Majorana 
exchange character. The ordinary Wigner and Majorana 
forces are ruled out because they don’t distinguish 
between triplets and singlets. The Wigner tensor force 
and the Bartlett force are ruled out because they don’t 
distinguish between even and odd relative angular 
momentum states except in their dependence on the 
distance between particles. 

Perhaps a more likely interpretation of the large 
values of AE,(+) in Fig. 4 is the presence of an addi- 
tional term in Eq. (1) which assists in lowering the 
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final states of these fast @- transitions. If in first 
approximation [the L-S approximation of Eq. (1) is 
schematically represented in Fig. 5] the supermultiplet 
is split due to spin-dependent forces, it is reasonable to 
assume that the same forces will couple doublet to 
quartet states producing further lowering of a T7,=} 
state belonging to the [4*~'-3-2] supermultiplet. Such 
an interpretation is bolstered to some extent by Feen- 
berg’s calculations® of the beta-decay transition proba- 
bilities within the [4*~-3-2] and [4**-2-1] super- 
multiplets. While the transition probabilities for Li’, 
Cc, O'*, and Ne” strongly suggest the predominance of 
quartet components in the final states of the fast & 
transitions, the decay of N'? makes apparent the need 
for a mixture of doublet and quartet components. 
However, in the absence of specific information as to 
whether the coupling of doublet and quartet states is 
such as to produce constructive or destructive inter- 
ference terms in the transition probabilities, any specifi- 
cation of the final state is highly speculative. 

We are in effect then forced to modify the model to 
permit the mixing of states within the same super- 
multiplet. This is neither surprising nor objectionable. 
A further modification of the model is of course required 
to explain the existence of unfavored-allowed transitions 
between different supermultiplets. This modification 
demands some mixing between different supermultiplets, 
but far less than that required to produce pure j—/ 
coupling if the empirical distinction between favored 
and unfavored transitions is to be explained. If the 
splitting of supermultiplets is according to the model 
proposed here, it is most likely that the admixtures to 
the [4*-1] and [4*-3] supermultiplets are the quartet 
states of the [4*-'-3-2] and [4*-'- 2-1] supermultiplets 
respectively. An investigation is underway to determine 
if admixtures appropriate for the unfavored transitions 
will improve both the calculated magnetic moments for 
the T,=}4 nuclei and the image transition probabilities. 

The author acknowledges with thanks the helpful 
conversations and correspondence he has had with 
E. Feenberg and D. C. Peaslee. 

*Eugene Feenberg, following paper [Phys. Rev. 99, 71 
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Superallowed Beta Transitions in the N — Z=3 Series* 
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A number of fast beta transitions have been found in the N—Z-=3 series of radioactive nuclides. King 
has suggested that some of these transitions (for A<27) occur within the lowest [4---421] or [4- - 432] 
supermultiplet ; hence are superallowed (or favored). Matrix elements of | fo)? within the [21] and [32] 
supermultiplets are computed with the aid of two-way displacement operators on the eigenvalues of 7, S,, 
and Y%,. In the application to s0,; the only spin assignments consistent with an LS coupling interpretation 
of the fast transition are /;=5/2, J *=§(S *=4). These are the value favored by the available experimental 
information. The jj coupling value of | f@|* for the sO; transition is too large by a factor of five 


1. INTRODUCTION 


LLOWED components with unusually small ft 

values have been found in the beta activity of 
sLig, «Ce, 2Nio, sOu, r0N€is, Nau, and »Mgis. The 
available experimental information on the fast com- 
ponents is shown in Table I. King' has suggested that 
some of these transitions are superallowed* (or favored) 
in the sense that both final and initial states belong to 
the same supermultiplet (characterized by the partition 
symbol [4- - -421] or [4-- -432]). Figure 1 exhibits the 
essential qualitative features of King’s interpretation 
based on Wigner’s analysis of the supermultiplet into 
isobaric spin multiplets. The orbital angular momen- 
tum L (a constant within the supermultiplet) couples 
with the spin angular momentum to give the following 
isobaric spin multiplets: 


T=}, S=}, I[=L—-}(L>0), L+4, 
T=}, S=}, I[=L-}(L>0), L+}, 
ful Sut Iodine, (be 
T=}, S=j, I[=L—}(L>1), L+. 


The quantum numbers T= 3, 7;=}, S=4, [;=L+4 
or L—} characterize the initial state. Spin-dependent 
forces are held responsible for displacements in energy 
making possible a transition within the supermultiplet 
from T=7;=}§ to T=7;=} as pictured in Fig. 1. In 
the following discussion the Gamow-Teller (G-T) 
matrix elements for all possible final states are evaluated 
using the pure supermultiplet description of nuclear 
states. Interesting correlations are observed when these 
results are compared with experiment. A comparison 
with corresponding matrix elements computed under 
the assumption of 77 coupling throws light on the type 
of intermediate coupling existing in light nuclides. 





* Supported in part by the joint program of the U. S. Atomic 
Energy Commission and the Office of Naval Research. 

'R. W. — Bull. Am. Phys. Soc. No. 7, 20 (1954), and pre- 
ceding paper [Phys. Rev. 99, 67 (1955) ]; see also E. P. Wigner, 
Proceedings of the International Conference on Theoretical Phys- 
ics, Kyoto and Tokyo, September, 1953 (Science Council of Japan, 
Tokyo, 1954). 

2. P. Wigner, Phys. Rev. 56, 519 (1939) 

+E. P. Wigner, Phys. Rev. 51, 106 and 948 (1937). 
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2. UPPER LIMITS ON THE GAMOW-TELLER 
MATRIX ELEMENTS 


The Gamow-Teller matrix element, 


| fo|*= | (al ymy; 3,4| 20 exQe lad mi; §,9)|*, (2) 


is a function of the initial and final values of S, L, and 7. 
An upper limit on | fo}? for any choice of these quantum 
numbers can be computed by forming the sum 


L! Sol*=S| (al my; T7,4|X oxQe| asl mi; §,4)|*, (3) 


all 


in which al/ denotes a summation over all possible final 
states within the supermultiplet. The application of 
closure to the right-hand member of Eq. (3) yields 


¥ | Se|?= (ad om; $,4/E 0:0." -¥ e:| aid am; 9,4) 


all 
= 6 (cel mj; 3,4 | Ts| aT ami; $3) (4) 
=9, 
Equation (A4) of the appendix is used to reduce the 
matrix element occurring in Eq. (4) to the explicit 
numerical value. 


TABLE I. Low ft transitions in the N —Z = 3 series. 


Transitions Energy (Mev) Partial half-life fi 
sLig —+ «Bes* * 7.34:1) 0.17 sec (2000 — 10 000) 
oe > N° 3.5 24 sec 3000-4000 
No > 4O9** 3.8 4.2 sec 6300 
O11, — oF 0* 4 2.9 29.4 sec /0.70 21 000 
oF 12 — wNeu** 5 sec . 
vo Nes — 1: Naya” ' 1.18 40.2 sec ‘0.07 6800 
uNau-? wMgy*4 = 2.7 58.2 sec /0.45 56 000 
i2Mgis — isAl,,* * 1.59 9.5 min/0.414 60 000 
1.75 9.5 min /0.582 56 000 


* Gardner, Knable, and Moyer, Phys. Rev. 83, 1054 (1951); Holt, 
Thorn, and Waniek, Phys. Rev. 87, 378 (1952); KR. K. Sheline, Phys. Rev 
87, 557 (1952); W. F. Fry, Phys. Rev. 89, 325 (1953); D. Reagan, Phys 
Kev. 92, 651 (1943); PF. Ajzenberg and T. Lauritsen, Reve. Modern Phys 


27, 77 (1955 
» Richard, Hudepeth, and Clendenin, Phys. Rev. 06, 1272 (1954) 
1951); L. W. Alverez, 


* Stephens, Halpern, and Sher, Phys. Rev. 82, 511 
Phys. Kev. 75, 1127 (1949); E. Hayward, Phys. Rev. 75, 917 (1941) 

4 E. Bleuler and W. Zunti, Helv. Phys. Acta 20, 195 (1947) 

*E. C. Campbell and C. V. Strain, Oak Kidge National Laboratory 
Report ORNL, 1496, 1952 (unpublished). 

‘HH. Brown and V. Perez-Mendez, Phys. Rev. 78, 812 (1950). 

* Daniel, Koester, and Mayer-Kuckuk, Z. Naturforsch. @a, 447 (1953). 
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Fic. 1. Supermultiplet interpretation of a fast beta transition 
by an V—Z-=3 parent nucleus. The initial state belongs to the 
lowest [4---421] supermultiplet. Spin-dependent forces split the 
supermultiplet into widely spaced isobaric spin multiplets. A 
transition within the supermultiplet then becomes energetically 
possible 


The T=} final states may be selected by introducing 
the projection operator 
P=4(15/4—T’) 5) 


as a factor multiplying > @(, on the left. In this way 


the sum over all final states with 7=} is reduced to 


E | Sol*=E| So!" 


Ty~4 
= (ad J;; 4,4 
(al Is; ¥,4| (15 

3) (Va2+YV 


oe @0,*-P> 0 );| ail ,1,; },4) 
2)T7;—2(T;—1)(T?—T;) 
w+ V3.2) | ad J ;; 3,4) 


y 


(6) 


8, 
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and the relation 


V a+ Vs,?=(Var—i¥y)(Varti¥y)+S;. (7) 

To select quartet final states, the preceding calcu- 
lation may be repeated employing the projection 
operator 


P=1(S$*?—3). (8) 
Then 
XL | Sel*=L| Sf Pel? 
Sy=4 all 


= (ad J;;3,3|¥ 0:0.*-P ¥ oe: addi; 3,3) 
= (al ds; 3,3| (6T:—8) P+4T;—2| (9) 


Kail Ts; 3,3) 
=4. 


3. EXPLICIT EVALUATION OF THE GAMOW-TELLER 
MATRIX ELEMENTS 


The third line of Eq. (A4) is easily transformed into 
the matrix element relation: 
[2(T—1) }*(6,;; T—1, T—2| ¥iu—i¥ | 81; T, T—1) 
—[27}(6,; T—1, T—1| ¥us—i¥ 2u| Bi, T, T) 


=2(8,; T—1, T—1| ¥s.!8;;7,T—1). (10) 


Also 
(8;: T—1, T—2| V iu —t¥ 2! Bi; io T—1) 


(8,; T—1, T—1| Va—t¥ 018i; T, T) 
T-1\! 
(— ). (11) 
T 


(T1 7 —1|T1T—1 T—2) 
Equations (10) and: (11) combine to give 


(T1T—11T1T-1T-1) > 


(8,; T—1, T—1| Vis —t Vu 8:; T, T) 
— (2T)*(6,; T—1, T—1| Ya. | 84; T, T—1). 


(12) 


Equation (12) may be combined with well-known 


with the help of Eqs. (A4) and (A5) of the appendix sum rules‘ to express | f@|? in the convenient forms: 
So) "p91, 17-1-1=2TT | (ay, T—1, 1-1; T—1, T—1] V3, a5; 7, 1-1; T, T—1)|?, (13a) 
fo) "ty =1;=1 >0= 2TL (I+1)/T]| (a, 1, 1; T-1, T—1| V3,!a;; 7, 1; T, T—1)|?, (13b) 
(1+1)(27+3) 
fo t,=1,. 17-1 2T (ay, 1+1, 7; T—1, T—1| ¥s,\a;; 7, 7; T, T—1)|?. (13) 


2/+1 


Similar formulas have been used to evaluate the G-T 
matrix element in the important special cases T;= T=} 
and 7;=1.° 

The .He, transition provides an interesting applica- 
tion for Eq. (13c). Let ¥, and y, denote the unique nor- 
~ 4B. U. Condon and G. H. Shortley, The Theory of Atomic Spectra 
(Cambridge University Press, Cambridge, 1935), Chap. 3; E. 
Feenberg and G. E. Pake, Quantum Theory of Angular Momenium 


(Addison-Wesley Press, Cambridge, 1953), Chap. 5. 
*M. Bolsterli and E. Feenberg, Phys. Rev. 97, 736 (1955). 


malized wavefunctions belonging to T=1, 7;=0, 
S=S,=0 and T=7,=0, S=1, S,=0 respectively. 
The commutator of S$ and Y,, applied to y, yields the 
eigenvalue equation: 





SY aa) =2(V ae). (14) 
Similarly, Eq. (A5) of the Appendix requires 
T’(¥ ahr) = 2(¥ ar). (15) 
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Consequently, 


Vida=\Wro, YVisr='pa. (16) 


The relation 


(a| ¥,|b) =X'(a,a) =X(0,5) (17) 


implies \’= since ¥, and y are normalized. Further- 
more the eigenvalues of Y3, are +1;° the corresponding 
eigenfunctions are given by suitable linear combinations 


of ¥, and yy: 


Y 3.(avathyr) = + (apathy), (18) 
or 
a\=+6, bA=+a (19) 
yielding 
A=1 or —1. (20) 


Thus, the squared matrix element appearing in the 
right hand member of Eq. (13c) has the value 1 in the 
He, transition; consequently | fe|?=6. 

In the general case, the matrix elements of Ys, 
occurring in Eq. (13) can be expressed in terms of 
reduced matrix elements and Racah functions.’ The 
Eckart-Wigner theorem yields 


(ym; T7,T3| Va2|Ti,m; T:,Ts) 
= (20,+1)-*(1,; Ty,Ts\ Vs \2s; TT s) 


X(T, 1 m0\T;17,m), (21) 
(Sy,m.; T;,Ts Y3,|S;,mms; T;,T3) 
= (2S;+1)-*(S;; T;,T3!| ¥s\|Si; Ti,Ts) 
X (S; 1 m,0)S;1S;m,), (22) 


expressing matrix elements of VY, in terms of reduced 
matrix elements and vector addition coefficients. The 
Racah function appears in the relation 
(Is; T;T; Y; I;; T ,T;) 

= (—1)&-*- Se (27 ,4+-1) (27,41) }! 


(Sp; TT 3 Va) Si; TT) W(S7,0,,84,0i; 2,1), (23) 


and also in the derived formula 
(I;,m; T;,T3| Vs2| Tim; Ti,Ts) 
= (— 1)" Si (27 +1) (28,4+1) 
-(S;,m,; T7,T3| Va2| Sisms; Ti,T3) 
(1,1 mO0\I, 1 I; m) 


XW (S;,1,,84];; £1) (24) 
(S; 1m, 0) S;1S; m,) 


expressing the matrix element of Y,, in the Jm space 
in terms of the much simpler matrix element in the Sm, 
space. 

In the present application we need a number of 
vector addition coefficients (J;1m0|I;1I,m) for 





*G. Racah, Phys. Rev. 62, 438 (1942) and 63, 367 (1943). 
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m=4(1,+1;— 
I; I; (J; 1 m0\I, 17, m) 
L+}L+4 [2£+1/2L+3} ’ 


I ,—I,|) =], or I, whichever is smaller: 


? ; 
L+4 L--| |. (25) 
(L+1)(2L+1) 
L—4 L+4[2/2L+1)}}. 
The following Racah functions are also needed : 
; 2L+3 ' 
WO, Lb 4 L+4s LH] |. 
3(L+1)(2L+1) 
W (4, L—4, §, L+-4; L,1)=[3(2L4+1)}4, 
W (4, L+4, 4, L—4; L,1)=[3(02L4+1) 75, 
2L—-1 7 
W (4, L—}, 4, L—4; L,1)= | |. 
3E(2L+1) 
2L—1 ! 
W(¥, L—4, 4, L4+4;L,1)=- | |. 
6(L+1)(2L+1) 
(26) 
: 2L+3 7 
WO L+4,3,L-BsL)=4] |. 
6L(2L+1) 
L ' 
WO, Ltd, 3, +3; L1)=—| | 
6(L+1)(2L+1) 
W (§, L+4, 4, L4+-4; L,1)=—402(L4+1))", 
W (3, L—9, 4, L—4; L,1)=422L}-4, 
L+1 , 
WA, L-4,4,L-Hi L1)=| | 
6L(2L+1) 
Two quantities remain to be evaluated: 
K= (4,35 5,4) Vis-i¥ 20/545 9) 
s—~34(4,4; 4,4] V2.14,4;5 4,4), 
(27) 
K'= (9,45 4,5| Vis—i¥ 20/455 24) 
= — 349,45 5,4] Vse/ 4,95 9,4). 
Let 
Vo= Vit: bts 
Wo=H5 04= F(T —1T aa, 
Ve=V thts (28) 
eek 


=12-4(S,—iSyf (¥ 12—i¥ 22) +i(¥ y—i¥ y) We: 
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Taste II. Formulas for | fo}? 
di > i fe 
’ 4 42L+3 
L+4 ’ L4 
32L+1 
8 2L 
1 
2L+1 
L+2 
L4 L+} 2 
L+1 
4 21 
L+4 
$21.+1 
» LIL—1 
L—} 
3 (L4+1)(2L+1 
8 2L+2 
L—j } L+4 
321.+1 
42L—1 
L—} 
32L+1 
2» (L+1)(2L+3 
iE) L+4 
3 L(2L+1 
$2L+2 
L—§ 
32L+1 
L—1 
L—3 2 
L 
Now 
b } } oa) (7, 4+1T2) i} 1) 
3-4(a|2V3,\a)=3 
1} iVs,\a 12-'a (( Vie tt ¥ 22) 29) 


Consequently, 


} iV, a) b] t—4 , 
3] 
4/3 
Thus, 
K?= K"=4/3 32 


Explicit calculations with three-particle wave functions 





provide an instructive check on this bit of operator 
algebra. 

The final formulas for | f@!|* are collected in Table II. 
Some numerical values are exhibited in Table III. 


4. DISCUSSION 


In the decay of sOy, the assignments /;= 5/2, I;,=3 
are strongly favored by the experimental evidence on 
beta ..nd gamma transitions involving these states.” As 
the last column of Table III shows, these are the only 
assignments consistent with an LS coupling inter- 
pretation of the initial and final states. Also, S;=} is 
favored in agreement with King’s argument based on 
energetic considerations. The good agreement may be 
illusory since two effects tending to change | fo|? are 
certainly present. These are (i) the occurrence of a 
doublet component in the (assumed) predominently 
quartet final state and (ii) the mixing of supermulti- 
plets. Both effects are expected to occur as conse- 
quences of the spin dependent interaction responsible 
for the separation of the supermultiplet into energeti- 
cally distinct isobaric spin multiplets. The first effect 
may either increase or decrease | f-a|? while the second 
is likely to decrease it. 

3 


In jj coupling, the (d,)* configuration yields*® 


S @|?=28/25, 


— 
' 
Al 
tN 
~ 
trie 


Thus 
ft! fa! ;2=23 000, 


too large by a factor of 5. 

In general, a wide range of values of the nuclear 
matrix element is possible depending on the relative 
amplitudes and phases of the doublet and quartet com- 
ponents in the final state wave function. 

The transitions at A=25 and 27 may be excluded 
from the superallowed category, because they are only 
slightly faster than an average allowed transition and 
also because the energies fall outside the fairly regular 


Taste III. Numerical results 


ft| fei? 


Transition L Ii S; ly |\f/@o* 
Orn — oF o* 2 5/2 1/2 5/2 28/15 37000 
ft= 21 000 3/2 32/15 45000 
3/2 7/2 8/3 56 000 
5/2 16/15 22000 
3/2 4/15 5600 
Nie — ¢Os* 1 1/2 1/2 3/2 32/9 22 000 
ft= 6300 1/2 49 2800 
3/2 3/2 20/9 14.000 
1/2 16/9 11 000 
isMgis — wsAl,° 0 1/2 1/2 1/2 4 2.4X 108 
fi=6X 10" 3/2 3/2 4 2.4X 10° 


? Jones, Phillips, Johnson, and Wilkinson, Phys. Rev. 96, 547 
1954 

*E. Feenberg, The Shell Theory of the Nucleus (Princeton 
University Press, Princeton, 1955), Chap. 8. 
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decreasing trend exhibited by the transitions in lighter 


members of the V—Z=3 series. 


APPENDIX 


The function space covered by a supermultiplet is 
transformed into itself by the set of operators’: 


Su=4 Do, 


(u=x,y,2), 


T.=} >, ro“, (o=1,2,3), (Al) 
Viw=t >, 7204. 
In terms of these operators, 
Er O=TM1-iT:, 
EQt=Ti4 iT, (A2) 


> a," Vi = Vi— 1V x, 
> ou"'O.* 


A number of useful commutation relations obeyed 
by the S, 7, Y operators are listed below: 


= Vy tt oy. 


[TitiT:, T;] 


+ (T,;+iT>), 


(TytiTs, YouJ=F(ViwtiY ow), (A3) 
(T\+iT2, T1—-iT2]=2Ts, 
[VivtiVa., T3)=F(V wt a), 
(VYwti¥n, Vu J=F(Ti+i72), 
(Yiti¥e, TiFiT:)]=+2Y 
(A4) 
CViwtiVeau, Viu—t¥ oy |=27s, 
[VuetiV a, YyFi¥ a, |=2i5,, 
CViuetiV a, S,)=i(V¥isti¥ 2), 
(S*, Visti¥ or] 
—2(V wtiV2.)+2iLS.(V¥ yi y) 
—S,(VYisti¥'2,) } 
=2(VytiV 2.) +2iL (VYytils,)S, 
—(V¥isti¥2,)S,], (A5) 


(T?, Vusti¥ 2) 
+2 T iT) V¥x.4-2 t T;—1) V 2tiY 22) 


=F 2V a(Ty4iT 2) +2(V eti¥ 2) (+T s+). 
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The exact analogy between the 1,2,3 and x,y,z 
spaces yields an image relation for every one set down 
in Eqs. (A3) to (A5). Thus, for example, the next to 
the last line of Eq. (A4) translates into 


(Yuti¥y, Vat iV y ]=2i75. 


Two-way displacement operators have the property 
of displacing two eigenvalues in the set 73’, S,’, Vs.’ 
up or down by one unit while leaving the third un- 
changed. These operators are defined as follows in 
terms of two valued indices u, 2, w which take on values 
+1 and —1 independently: 


M vco= (Vite +iuY xs) +i0(Vy+iu¥ y), 


M pow = (T1+iuT 2) +uw(Y1,+iu¥>,), (A6) 
M www = (Sz+ivS,) + 1w(V a+ iv Vy). 
The basic commutation relations are 
[Muco, Ts )= —UM uvo, 
(Mec: Si} tees (A7) 
[Muso, Ys, )=0, 
[Muow, 1s |= —iuM vor, 
[ Mow, 5, ]=0, (A8) 
[Mucw, Vs, )=—wM ew, 
[ Move, Ts }=0, 
es —0M ow, (A9) 
, 7 =wWM ove; 
[M0 M, }= 2urwM vor, 
[Muaw, M = 2uvwM ov, (A10) 
(M..w, M. ]}= 2urwM veo, 
M vo, Mureo |= (vT at+-uS,) (u—u')(v—1'), 
VM ow, Mucor’ |= (wT y4+-uY g,)(u—u’)(w—w’),(All) 


, 


CM ew, M ove’ |= (WS, +0Y3,)(t—v') (w—w’). 

One of these displacement operators is used in con- 
structing ~q¢ in Eq. (28). The application of M_,, 4, » to 
¥. transforms a solution with 7;=4$, S,=4 into one 
with 7;=4, S,=}. Since S,= 4 is associated with T=}, 
the solution found in this manner belongs to T=4, 
S=¥. 
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Nuclear Energy Level Fine Structure and Configuration Mixing 


K. A. Brvecxner, R. J. Epen,* anp N. C. Francis 
Indiana University, Bloomington, Indianat 
(Received March 2, 1955) 


The departure of shell-model states from independent-particle states is investigated by means of trans- 
formation methods developed in previous papers. The starting point in this paper is the many-body 
Schrédinger equation for the nucleus in which the potential energy is assumed to arise from strong short- 
range two-body interacticns. As a consequence the shell-model wave function cannot be a solution of this 
equation, however it can be related to the actual nuclear wave function by a suitably chosen transformation 
operator. This operator preserves the energy and angular momentum of low-lying nuclear states; hence it 
is possible to examine the splitting of energy levels in the shell model space. For a closed shell plus two or 
three particles this is shown to originate primarily from perturbations due to two-body interactions between 
the particles outside the shell. The methods used also give information about the nuclear wave function and 
provide some justification for the use of configuration mixing in determining nuclear magnetic moments. 
It is noted that the successes of configuration mixing based on two-body forces provide evidence that two- 
body correlations dominate over many-body correlations for many properties of the nucleus. 


I. INTRODUCTION 


HE independent-particle form of the shell model 

has had many successes in classifying the proper- 
ties of nuclei in their ground states. These successes 
have suggested that small deviations from the pre- 
dictions of the model, such as the departure of magnetic 
moments from the Schmidt lines and the splitting of 
energy levels, could be explained by introducing small 
perturbing interactions which modify the independent 
particle picture. Suggested interactions have been of 
two kinds, (1) particle-to-particle interaction usually, 
but not always, introduced for a small number of par- 
ticles outside a closed shell, and (2) particle-to-surface 
coupling associated with collective motion of a core of 
nucleons. 

At first sight it seems strange that nucleon-nucleon 
interactions, which appear to be strong in scattering 
experiments, should give rise to almost independent- 
particle motion in the shell model. It is perhaps even 
more strange that particle-to-particle interactions should 
be regarded as perturbations on the motion, since the 
model appears to require weak interactions and yet the 
perturbing interactions appear to be strong. In previous 
papers'* transformation methods have been developed 
which relate the independent-particle model wave 
function to the actual wave function. In this paper the 
methods will be extended so that we can examine devi- 
ations from this model. In particular, we shall show 
that in certain approximations these deviations can be 
obtained by introducing particle-to-particle interactions 
to perturb the states of certain particles in the shell 


* Smithson Research Fellow of the Royal Society, on leave of 
absence from Clare College, Cambridge, England 

t Supported in part by a grant from the National Science 
Foundation and the Office of Naval Research and the U. S$ 
Atomic Energy Commission 

' Brueckner, Levinson, and Mahmoud, Phys. Rev 
(1954); K. A. Brueckner, Phys. Rev. 96, 508 (1954); 
Brueckner, Phys. Rev. 98, 769 (1955 

*K. A. Brueckner and C. A. Levinson, Phys. Rev 
(1955). 

*R. J. Eden and N. C. Francis, Phys. Rev. 97, 1366 (1955 
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model. It should be noted that the approximations 
which are made do not require a weak interaction 
between nucleons; in fact the method which we use, 
even in lowest approximation, takes into account many 
of the strong correlations which exist in the nuclear 
wave function. 

The general problem we wish to investigate concerns 
the energy level fine structure and the wave function 
for a nucleus which contains a few nucleons more than 
a closed-shell nucleus. In the independent-particle 
model an inert core is assumed which corresponds to 
the closed-shell nucleus. Then each energy level of the 
model will have a degeneracy arising from the different 
ways the angular momenta of particles outside the core 
can be combined to give the same total angular mo- 
mentum. This degeneracy will be removed if a per- 
turbing interaction between these particles is intro- 
duced. Such a perturbing interaction will also lead to 
mixing of different configurations and to modifications 
in the magnetic moment predicted by the model. The 
effects of these perturbations on the properties of the 
independent-particle model have been investigated by 
several authors,‘ and it is clear that these refinements 
of the independent-particle model represent an im- 
portant step towards obtaining a model wave function 
which describes correctly low-energy properties of the 
nucleus, 

The aim of this paper is to try to understand, in terms 
of the actual nuclear wave function, why it is that this’ 
modified independent-particle model is able to predict 
correctly certain nuclear properties, namely energy 
level splitting and magnetic moments. The starting 
point is the many-particle Schrédinger equation for the 
actual nucleus and we assume strong interactions 
between nucleons. The method for studying energy 





*Edmons, Flowers, and Elliott (to be published); M. H. L. 
Pryce, Proc. Phys. Soc. (London) A65, 773 (1952); D. Kurath, 
Phys. Rev. 91, 1430 (1953); M. G. Redlich, Phys. Rev. 95, 448 
(1954); A. de-Shalit and M. Goldhaber, Phys. Rev. 92, 1211 
(1953); A. M. Lane (to be published). 

*K. Ford and C. A. Levinson (to be published) 











NUCLEAR ENERGY 





levels consists in expressing the energy of a nucleus 
which contains A+2 nucleons in terms of the energy 
levels of a nucleus having 4+1 nucleons together with 
an additional energy. It is then shown that this addi- 
tional energy can be expressed as an interaction energy 
if the following device is used. This device is to consider 
not the energy eigenvalues of the Schrédinger equation 
for the actual nuclei but instead the energy eigenvalues 
of nuclear models which are constructed to have the 
same energy and angular momentum as the actual 
nucleus for the states in which we are interested. We 
find that the models correspond in a certain approxi- 
mation to particles moving outside an inert core. 

Corresponding to a nucleus consisting of A+1 
nucleons, we obtain a model made up of a single particle 
moving outside a core. There are correction terms to 
the energy which are smal! when the nucleus containing 
A nucleons is doubly magic (e.g., Ca®), but these 
correction terms can be included if the energy levels of 
the model are taken to be the empirical energy levels 
of the actual nucleus. For the nucleus of A+2 nucleons 
(e.g., Ca®), the model consists of two particles outside 
the core and we find that these particles interact both 
directly and via the core. The interaction via the core 
is found to be much smaller than the direct interaction. 
The energy levels without these interactions can be 
related to the energy levels of the single-particle-plus- 
core model and they are degenerate due to the different 
ways in which the angular momenta of the single- 
particle states can be combined. In our model the direct 
interaction term is diagonal in the states of the model 
so gives directly an energy shift for each state; these 
energy shifts serve to split the otherwise degenerate 
levels. We show that this level splitting is equivalent 
to the splitting which would be obtained by the methods 
of configuration mixing using a direct particle-to-par- 
ticle interaction for the two particles outside the core. 

In Sec. II we shall develop the consequences of an 
application of a simplified form of the general tech- 
niques which we have developed which is similar to the 
approximation used in previous papers' on the satura- 
tion problem. In Sec. HI we shall discuss the structure 
and interpretation of the wave function and then show 
the extent to which the results of Sec. II can be related 
to the approximation methods of Flowers,‘ Pryce,‘ 
Kurath,‘ Redlich,‘ and Ford and Levinson.‘ In Sec. IV, 
we Shall return to the exact formulation of the problem 
and show how various correction terms arise, what their 
physical significance is, and the extent to which they 
can be included in a simple approximation scheme fol- 
lowing closely the methods developed in Sec. II. In 
Sec. V we calculate the core coupling energy for two 
particles outside a core interacting via the core par- 
ticles. In Sec. VI we summarize our results and make 
some concluding remarks. 

Finally we note that throughout the paper we will 
make use of the effect of the exclusion principle on the 
behavior of the particles in the nucleus and in the 
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nuclear models. Mathematically, therefore, we should 
work with occupation numbers for the various states 
other than in terms of particle coordinates, but this 
would lead to a more complicated formalism and would 
obscure the physical discussion. Fortunately there is 
such a close correspondence*® between the two methods 
that it is unnecessary to depart from the formulation in 
terms of particles, provided that we remember that the 
exclusion principle operates both in actual states and 
in intermediate states; this is the procedure adopted in 
this paper. It must be pointed out, however, that in 
actual evaluation it is necessary to make a translation 
from particle description to state description together 
with the appropriate introduction of second quantized 
operators. 


Il. DERIVATION OF ENERGY LEVEL SHIFTS IN 
THE COHERENT APPROXIMATION 


In this section we will consider the energy levels of 
nuclei containing A+1, A+2, and A+3 nucleons. We 
will use an approximation which is similar to that used 
in reference 1, and we shall also assume that the nucleus 
containing A nucleons is doubly magic. These simpli- 
fications are not all necessary but are made so that we 
can more clearly state the main features of the method. 
A more detailed analysis of the approximations will be 
made in Sec. IV where it will be shown that the general 
conclusions are independent of a number of the sim- 
plifying assumptions made in the present section. 


A. General Method 


The Schrédinger equation for A nucleons is assumed 
to be 


4 4 
[EH 7T.+E vy W(A) = LWA). (1) 
i=] i<j 


We investigate the energy Z for various numbers of 
nucleons, not by comparing the Schrédinger equations 
for the actual nuclei but by comparing the Schrédinger 
equations for nuclear models which are chosen to have 
the same energies as the actual nuclei. 

The model wave function satisfies a Schrédinger 
equation,’ 


1 
[> Ti+Vo (A) = B*(A), (2) 
imo} 


and the relation between the actual nuclear wave func- 
tion V(A) and the model wave function (A) is 


(A) =M(A), (3) 
where 
1 A 
M=1+(E-> TT)? Dd 0yM, (4) 
1 i<j 
and ; i 
Vo(A)=((A), & 24j;M(A)). (5) 


The model wave function can be taken to be a product 
of single-particle wave functions,’ each corresponding to 
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independent-particle motion. Thus the ground state of 
the model will be obtained by filling up the lowest inde- 
pendent-particle states according to the enclusion prin- 
ciple, giving a fully occupied “Fermi sea.” We shall 
later require a model wave function which is the sum of 
products of independent-particle wave functions which 
is required to make it an eigenfunction of the total 
angular momentum, but for the present can be inter- 
preted simply as a product. 

To the approximation which we shall use in this 
section, the model operator M can be replaced by the 
operator F which is constructed from the following set 
of equations**: 


. A 
F=i1+- > ‘iF uy, 6) 
@ ic) 
1 
Fyg=1+- DL ‘TnaF nn, (7) 
€ mneij 
T a.=nondiagonal part of tm», (8) 
1 
ban wat lms bes (9) 
e 
A A 
e@@ E-> T.-L he 10) 
i~1 i<j 
lemn = diagonal part of f,,, 11) 


(The prime to the left of an operator indicates that 
matrix elements to the ground state are to be omitted.) 
The operators /;, are the reaction matrices for the two- 
body interaction v,; constructed in the nuclear medium ; 
the /.,; are analogous to forward scattering amplitudes 
and the J,; to incoherent scattering. The propagator 
‘“‘e'” describes the propagation of the nuclear particles 
in the nuclear medium with the effect of many-particle 
interactions appearing in the “potential’’ terms con- 
structed from / 

The potential Vo(A) for the model given by (5) can 
now be written 

‘ 


Vo(A)=(@(A), ¥ 0F (@)(A)) 


‘4 

(#(A), ot bP @(A)) 
In deriving (12), terms of order 1/A compared with 
the leading term are neglected.?* This expression for the 
potential can be expanded by means of (7) as a series 
in the incoherent reaction matrices /,;. The first two 
terms of this series are 

A 
Vo(A)=(@(A), © t,(A)) 

co 
+E (0,0 In-lva(A)) +o 13) 

‘ 


e € 
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The justification for this series expansion comes essen- 
tially from the operation of the exclusion principle in 
the intermediate states of the last term of (13) and of 
higher order terms in the series; thus the intermediate 
states must lie above the occupied Fermi sea and this 
causes large energy denominators in the integrals. A 
more detailed and quantitative discussion of these 
“correction” terms will be made in Secs. IV and V. We 
will proceed now to consider a model for a nucleus con- 
taining A+1 nucleons and we make the approximation 
of taking for Vo(A+1) only the leading term in the 
expansion corresponding to (13). 


B. One Particle and Core 


We consider the interaction of A+1 nucleons and 
separate the interaction energy into parts associated 
with one particle, with a core of A particles, and a 
remainder. The purpose of this separation is to facilitate 
comparison with the energies of A+2 and A+3 nucleon 
systems. As noted previously, we consider the energies of 
the corresponding nuclear models. The potential energy 
Vo(A+1) for an (A+1)-nucleon system can be written 
down analogously to Eq. (5). It is (using primes to 
indicate quantities evaluated for the A+1 particle 
system) 


Vo (A+1)=Vo'(A)+VyY, (14) 


where Vo'(A) is the potential energy of the A-particle 
core and V,’ is the potential energy of the (4+1)th 
particle in the field of the core. 


A 
Vi =D (@(A4}), h/6(A+1)). 


i=l] 


(15) 


The core potential energy Vo’ is closely related to 
the core potential energy Vo, it is not exactly the same 
however for the following reasons: the addition of the 

A-+1)th particle changes the properties of the medium 
in which the core particles move. This change appears 
through a change in the core propagators e~', and also 
through a change in the nuclear volume. The latter 
effect is not explicitly present in the formalism we use, 
the former appears explicitly in the reaction matrices 
through the change 

1 
ti! =v +05 bi’, 
e 


16) 


where ¢ differs from e due to the presence of the 
(A+1)th particle, 


4 
e=e+F,-—T,-> fer. 


(17) 


LA subscript “1” shown explicitly always denotes the 
A(+1)th particle.] We can see however that it is a 
reasonable approximation to neglect the difference 
between ¢’ and ¢ since the extra term (E,;— 7,—> tas) 
gives zero when acting on the ground state of the 
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(A+1)th particle, thus any departures will only appear 
as higher order effects. 

A second departure of the 4+1 model from the A 
model arises from the change in radius of the model 
due to the presence of the extra particle. However this 
radius has to be chosen to minimize the total energy 
of the system so the core energy will not change to first 
order, and we will neglect the change here. 

The aforementioned approximations will be investi- 
gated in more detail in Secs. IV and V where it will be 
shown that the neglected terms (1) appear to be small, 
and (2) they can be partly absorbed by taking empirical 
values for the single-particle energy levels. With these 
approximations, we find for the energy of the system 
of A+1 nucleons. 

E(A+1)=E(A)+&,, (18) 


where E(A) is the energy of a nucleus containing A 
nucleons and £, is given by 


E,=Vi+(@(A+1), T ,?(A+1)), (19) 
A 

Vi=> (A411), 1 @(A+4+1)). (20) 
i=1 


We note that these formulas have been obtained by 
neglecting the following effects: (1) direct 3-particle 
(and higher order) couplings including third-order core 
polarization, (2) the change in the core propagators, 
3) the change in the nuclear volume. 


C. Two Particles and Core 


We next consider a system of A+2 nucleons, which 
we will represent by two particles outside a core of A 
particles. We will try to express the energy of this 
system in a form equal to the sum of the energies of 
two particles moving without mutual interaction in the 
field of the core together with interaction terms which 
couple the two particles together and remove the 
degeneracy of energy levels of a system containing two 
noninteracting particles. The value of this form for the 
energy is that it facilitates comparison with the energy 
levels given by a single particle and a core. 

The potential energy for the system of core-plus-two 
particles neglecting three- (or more) body correlations 
and also neglecting “1/A” terms, takes the form 

V0(A+2)=Vo0"(A)4+V1"+V2"4+Vi2", = (21) 
where 
4 


Vo" (A)=> (A +2), t.4;/"0(A+2)), 


Nm 
Nm 
— 


and V,", V2" are given by expressions analogous to 
(20) but with the modified two-body reaction matrix 
t;/". The term V2” is defined by 


V2" = (@(A +2), bi2'"(A42)). (23) 
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The double primes indicate that the expressions are to 
be evaluated to include the effects of changes in core 
volume and core propagators such as those discussed 
for the system—one particle plus core, and the anal- 
ogous changes associated with the extra two particles. 
These effects we will again neglect for the present and 
limit ourselves to noting the reasons why this is per- 
missible: (1) the terms appear to be small as they 
involve three-body (or higher order) correlations which 
are reduced in magnitude by the operation of the 
exclusion principle and by other properties related to 
the closed-shell core, (2) some of the terms neglected 
here will be absorbed in the single-particle energy levels 
if empirical values of these are used when applying the 
methods, (3) the small energy shift coming from the 
core will not affect the relative spacing of the levels we 
consider. Hence we can drop the primes on the terms 
in (21), which means that the core energy becomes the 
energy of the Ath nucleus. 

In this approximation the total energy of the system 


is 

E(A+2)= E\+ Eot Vie, (24) 
where the extra term in the energy is 

V 12=(©(A +42), tyeb(A4+2)). (25) 


This term will depend on the state of the two extra-core 
particles and thus will remove the degeneracy of the 
energy levels of the two particles moving without direct 
interaction in the field of the core. 

To make this result more explicit, we next consider 
the form of the model wave functions (A+ 2). Up to 
this point we have assumed this to be a product func- 
tion; this, however, is not quite sufficient since it is not 
possible to form the correct functions of angular mo- 
mentum in this way. We must instead choose the wave 
function so that it corresponds to a definite total angu- 
lar momentum. We will for simplicity take the Ath 
nucleus to be a closed shell and assume that the mode! 
wave function (A +2) is a product 


(A +2) =(A)¢(1,2), (26) 


where ®(A) is a wave function for a zero angular 
momentum core. The outer two particles have a wave 
function which is the appropriate combination of shell- 
model wave functions to make up an eigenfunction of 
the total angular momentum. If for example, the state 
being filled by particles 1 and 2 have single-particle 
angular momentum j,j’, then the wave function (1,2) 
will be (neglecting antisymmetrization) 


os"(1,2)= 3 Cli, 7’, mi, mal J, 7, 7’, m) 


mime 


Kos" (1)oy™(2). (27) 


In this representation, the energy shifts given by Viz 
can be labeled by the total angular momentum, and are 


SE i2(J) = 9" (1,2), baxbs(1,2)). (28) 
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In Sec. IV we will consider further the interpretation 
of the energy shifts AE(J). 


D. Three Particles and Core 


The same techniques as those used in the preceding 
paragraphs can be applied to a nucleus containing 
(A+3) nucleons. If the approximations associated with 
the closed-shell nucleus of A nucleons are still valid for 
three particles additional to the core, it will still be 
possibie to neglect coupling via the core. However there 
will now be three-body correlations involving only the 
three outer particles and these must be taken into 
account in the fine structure related to the state of 
these three particles. Then we have to include part of 
the last term in (13) and the energy E(A+3) will be 
given by 


E(A+3)= E(A)+E,\+Eot+E; 


= 
+ (1 I 95 Iu) + permutations )+ +++, (29) 
4 e 


The energy shift AZ,’ for a given state ¢,(1,2,3) of the 
outer three particles is given by the last two terms of 
(29), where 


+ (beret hers +t-31) 


(tera) = (@, (1,2,3), b12@, (1,2,3)), (30) 


er 
(1 Iu-Tu) 
€ € 
i. § 
(«. 1,2,3), Liz-To3-T 10, 12,3)), (31) 
é€ é 


In the next section we will consider the relation between 
this energy shift and that given by (28) for two particles 
outside a core. 


Ill. INTERPRETATION OF THE WAVE FUNCTION; 
RELATION TO CONFIGURATION MIXING 


In this section as in Sec. II we shall restrict ourselves 
to consideration of the simplified predictions of the 
coherent We shall first 
wave function and its relation to the shell-model wave 
function. We the shifts 
derived in the previous section and show that these 
are equivalent to the energy shifts which would be the 
result of introducing a perturbing potential into the 


model consider the nuclear 


will then consider energy 


shell-model states. 


A. Structure and Interpretation of the Wave 
Function 


For simplicity we will consider a nucleus correspond- 
ing to one particle and a closed-shell core in the shell- 
model picture, since the problems we wish to discuss 
are all present in such a nucleus. In particular, we will 
discuss the relation between the nuclear wave function 
W and the shell-model wave function 4, and see how 
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far the differences between the wave functions affect 
our interpretation of the model. 

The most profound difficulty which prevents identi- 
fication of W with the independent-particle wave func- 
tion ® arises from the existence of strong short-range 
interactions between nucleons. As a consequence of 
these strong interactions a product wave function like 
® is nowhere near to being an approximate solution of 
the Schrédinger equation for the nucleus. Conversely, 
even for a closed-shell core it is not possible to write ¥ 
approximately as a product of a single-particle wave 
function and a core wave function and still have an 
approximate solution of the Schrédinger equation. 
Thus, if we write 


V(A+1)= FW(1)¥(A), (32) 


we can obtain an approximate solution of the Schré- 
dinger equation only by taking F; to be an operator 
of the form [see Eq. (6) }: 
1 4 
F,=1+ > jt: 


é i=l 


(33) 


Thus F; introduces correlations between the nucleon 1 
and all the core nucleons through the incoherent 
operators /,;. This means that F,W(1) appears to depend 
strongly on the state of the core nucleons, and cannot 
be simply regarded as a single-particle state. This 
contrasts with the shell-model interpretation that a 
particle outside a closed shell appears to move simply 
in a single-particle state (for the closed shells O'* and 
Ca®). 

The complicated relation between the extra nucleon 
and the core can be described as a polarizing effect on 
the core due to the strong short-range forces between 
the extra nucleon and the core nucleons. Therefore the 
nucleus would appear to consist not only of a sym- 
metrical core plus a single-particle state but also will 
contain appreciable admixtures of higher excited states 
of the core and single particle. 

We shall now attempt to relate this result to the 
predictions of the shell model for a “‘closed shell plus 
one” nucleus. There is no difficulty about the assign- 
ment of total angular momentum and parity, as these 
are invariant under the F; transformation. The prin- 
cipal difficulty of interpreting our result that the 
presence of the extra nucleon must lead to appreciable 
mixing between the single-particle and core states 
arises in connection with magnetic moments. If we are 
to avoid qualitative disagreement with experiment we 
must show at least that this mixing need not appreciably 
affect the magnetic moment. 

We note first an essential difference between the 
Hamiltonian operator from which we deduced the 
mixing of states and the magnetic moment operator 
which seems to indicate the purity of states. The 
Hamiltonian is a very singular operator and slight 
departures from the true wave function will cause very 











large deviations in the energy ; in contrast, the magnetic 
moment operator is not singular and will be relatively 
insensitive to the use of an approximate wave function. 

Since the magnetic moment does not depend on these 
very fine details of the wave function, it is sufficient to 
consider why it may be little affected by mixing of 
shell-model states, rather than trying to look at de- 
partures from the actual nuclear wave function. In the 
framework of the shell model the following argument 
has been pointed out to us by C. A. Levinson. An 
examination of the spins and parities of the core states 
of Ca®, for example, shows that even if the actual wave 
function for 41 nucleons contains appreciable admix- 
tures of excited core states, there will be no first order 
effects on the magnetic moment. This can be con- 
trasted with the situation for the doubly magic Pb™* 
plus one nucleon where core admixtures are not only 
appreciable, but as has been shown by Blyn-Stoyle and 
Perks,® the mixture leads to first order corrections to 
the independent-particle magnetic moment, bringing it 
to a position approximately midway between the 
Schmidt lines. We note also that the foregoing argu- 
ment is probably reinforced by various other special 
effects, including (for Ca or O'* plus one nucleon) the 
greater orthogonality of core and particle states and 
also the large denominators which reduce the influence 
of distant excited states. 

The foregoing qualitative discussion indicates that it 
is not unreasonable to assume that the mixing of states 
which is required for the actual nuclear wave function 
to satisfy the Schrédinger equation may, for certain 
nuclei, have only a slight influence on the independent- 
particle magnetic moment. However, in using the 
methods discussed in the paper to compare neighboring 
nuclei, it would be very desirable to reinforce the afore- 
mentioned arguments that the magnetic moment of Ca* 
should lie on the Schmidt lines by direct observation. 
Then one could use the empirical knowledge of the 
magnetic moment somewhat analogously to the empiri- 
cal energy levels for predicting the properties of Ca®. 

We shall now proceed to consider the relation of the 
results of Sec. I] to the methods of configuration 
mixing, and in our discussion we will assume that the 
single-particle states outside the core can be regarded 
as nucleon states to the extent that they have the same 
magnetic moments. This does not imply that the particle 
states and nucleon states are not quite different with regard 
to other observables. 


B. Relation to Configuration Mixing 


In Sec. II we have derived formulas for the energies 
of nuclei containing A+1, A+2, and A+3 nucleons 
in an approximation depending to some extent for its 
validity on the nucleus with A nucleons being a closed 
shell. These approximations have indicated that only 

*R. J. Blyn-Stoyle and M. A. Perks, Proc. Phys. Soc. (London) 
A67, 885 (1954). 
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the direct particle-to-particle interaction need be con- 
sidered for the particles outside the core corresponding 
to the closed-shell nucleus. This particle-to-particle 
interaction leads to energy shifts in comparing the 
states of two and three particles outside the core with 
the corresponding one-particle states. These energy 
shifts have been derived in a form which we wili now 
proceed to show is equivalent to the energy shift 
coming from introducing a perturbing potential into 
shell-model states. 

We consider first the energy shift due to the mutual 
interactions for two particles moving in the average 
field of a core. The two-particle Schrédinger equation is 


(Hotv12)¥ = Ey, (34) 
where 


2 2 
Ao=> Ti+ Vi, 


i=l il 


(35) 


and V, denotes the effective core fields at the points x; 
for the model. We compare this with the equation with 
2 absent, 


(Hot+ AE)Wo= Evo. (36) 
Provided that 
AE= (Wo,tiw), (37) 
the solutions are related by 
vy =o, (38) 
where the operator Q is defined by the equation 
Q=1+(E- Hy)" ‘09. (39) 
The energy shift AZ is given by 
AE= (Wo,?i2QPo) (40) 
= (Wo,ho), (41) 
where 
t= dy¢+032(E— Hp) | (42) 


Consequently the energy shift AZ given by (41) is the 
same as the energy shift AE, given by (28) provided 
that (1) the potentials V; in (35), are equal to the 
single-particle potentials given by (20), and (2) the 
shell model wave function Wo in (41) is taken to be the 
same as the model wave function ¢,(1,2) in (28). With 
these potentials and wave functions we see that the 
transformation methods of Sec. II lead to an energy 
shift equal to that given by introducing a two-particle 
interaction into the shell model for two particles outside 
a closed shell. 

In addition, the wave function ¥ given by Eq. (38) 
can be explicitly constructed by solving Eq. (39) for the 
transformation operator {. This solution will give the 
admixtures of other states than the lowest independent- 
particle state on the wave function and can be used to 
determine for example the expectation value of the 
magnetic moment, 

We consider next the forma! derivation of the energy 
shift coming from the mutual interactions of three 
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particles moving in the average field of a core. For this 
system we take 


3 3 
Hye=> Ti+ Vi, (43) 
ti v=) 


and we compare the equations 


4 
(Hot vij¥= EY. (44) 


(Hot MEWo= Ev. (45) 


Then the energy shift AE will be given correctly if the 
wave functions ¥ and yy are related by 


ty 14 QyWo, (46) 


where 2 is defined by the set of equations 


¥=Oho= (1+ (E-H 


Q=14+(E—He)* Dd bi Qy, 


1+(E—Ho)y!* S  bimQim, 


_—- 
mp4 i) 


bgt (E— Ae) i, 


and the energy shift is 


AE= (Po, d vi Qpo), 


ss 


3 


(Yo, E tei 
(Yo, > tiv 


’ 1 1 
+ 2 (vo I i lado) + 
it pe E Ho) E H } 


where J,, is as before the nondiagonal part of ¢,;. 

We see at once that this expression for AZ corre- 
sponds to the series whose first two terms are equal to 
AE,’ given by the last two terms in (29). The leading 
term in (57) is simply a sum 


AE,’ = (@,(1,2,3), (tiat test ta}, (1,2,3)). (53 


This term can be identified by comparing it with the 
diagonal elements in the two-particle-plus-core system. 
The remaining terms in (52) or in (29) can be inter- 
preted as arising from three-particle correlations, they 
are correction terms to the energy shifts for two-particle 
correlations which can be obtained from (53). Another 
way of stating this is that (53) allows for the same 
amount of configuration mixing in the three-particle 
system as in the two-particle system. An estimate of 
the relative importance of the three-particle correlations 
has been made by C. A. Levinson, who finds that taking 
diagona! matrix elements only in Ca® [this corresponds 
to (53) ] would lead to an error about 20 percent of the 
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total shift predicted when all matrix elements of the 
interaction are considered. This can be regarded as 
some evidence in favor of the conclusion that two-body 
correlations dominate over the higher order effects. 


IV. CORRECTIONS TO THE ENERGY SHIFTS 
OF THE COHERENT MODEL 


In this section we shal] make a more careful examina- 
tion of the energy level fine structure in which we do 
not omit the various correction terms which were 
neglected in Sec. Il. These corrections are of three 
types; (1) those which vanish as 1/A compared with 
the main terms in the energy, (2) those which arise 
from changes in the propagators as particles are added, 
and (3) those which arise from high-order correction 
terms in the energy expressions. The latter are the 
manifestation of third (and higher) order incoherent 
interaction among three (or more) particles and give 
the largest perturbation on the energy levels of the 
coherent model. We shall consider the cases of one, two, 
and three particles plus core and show how the correc- 
tions arise and to what extent they require changes in 
the formalism and interpretation of the results of Secs. 
II and II. 


A. One Particle and Core 


We consider first the interaction of a single particle 
with a core of A particles. The total potential energy of 
the system including the correction terms previously 
omitted is, to third order in the incoherent scattering 
matrices, 


V(A+1)= (, ¥ tei)+ (, > 15;F i) 


i <1 


en 
-(#21 besj 1), (54) 


e e 


‘ 


where the first term is the “coherent” energy pre- 
viously discussed in Secs. II and III, the second term 
arises from higher order incoherent terms in the energy, 
and the last term is a “1/A” correction to the total 
energy which can be neglected in determining the 
properties of the entire system but not necessarily in 
the fine structure of the energy levels. The sum over i, 
j is over all of the A+1 nucleons. 

For convenience in comparing this expression for the 
energy of core plus one particle, we next break the sum 
up into two terms, one involving a sum only over the 
core particles and the remainder involving the extra 
particle. To make the separation possible, we take only 
the first nonvanishing term in the expansion of the 
second term of Eq. (54), i.e., we use 


Bag 
(%, > iF i) = (2.51 Tin na), (55) 
€ 


ijk a 


where the restriction is to be imposed on this sum that 
ix j~#k. It is now easy to carry out the desired separa- 
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tion into core and particle energies; we find for the core 
potential energy: 


2.4 
Vo(A)= (4, > tu) +2(¢, Tz] ix 1.) 
eé 6 


i ie 
fa Zz ®, 1 i5-beij 1), (56) 


i,j, core € e 


and for the potential energy of the extra particle in the 
field of the core 


V,(1)= (9, -” to) 


1,core 


. 2 
+> (en Ti; 1, a) + permutations 
ij,core é é 


hae 
a («. Tieters na). (57) 
i,core i ie 

In this expression for the energy of the extra particle, 
the first term represents the potential energy of the 
particle in the field of the core which is associated with 
coherent propagation without core excitation via the 
I,; couplings ; the second term involving the third-order 
combination of the J,; couples the motion of particle 1 
incoherently to the core with resulting excitation of the 
i,j pair in the core. These results are correct to all 
orders in the dominant coherent interaction .and to 
third order in the incoherent interaction terms. 

We note that the effects of all such correction terms 
as those we have considered here are automatically 
included if we use the empirical energy levels of the 
single particle plus core. Consequently the change in 
the formalism of Secs. II and III which arises from 
proper inclusion of the corrections gives rise to com- 
plication only if we wish to make a precise determina- 
tion of the expected single-particle energy levels from 
first principles. 


B. Two Particles and Core 


We next consider two particles and a core and try to 
bring the expressions for the energy to a form in which 
the energies of the separate noninteracting nucleons in 
the field of the core is separated from the interaction 
terms coupling the two particles together. The latter 
terms act to remove the degeneracy in the energy levels 
of the noninteracting particles. This form for the total 
energy is particularly useful since it allows us to make 
use of the empirical observations of the one-particle 
levels to determine the principal contribution to the 
level positions and spacing. 

As in the case of one extra-core particle, we start with 
the result for the potential energy: 


Vo(A+2)= (0,2 04/0) +’, D’ 1i/'F i/*) 
ij if 


eek 
_ (. DL? Tj tit), (58) 
“ ec: £ 


where the primes indicate that in general (1) the wave 
function has changed as, for example, by a change in 
the nuclear volume and shape; (2) the primed sum 
over i, j includes the additional particle “2”; (3) the 
operators ¢.’ and J;;' are changed from the similar 
operators in the one-particle case. Again we consider the 
last two terms as perturbations and replace in these the 
primed / and /;,;/ by the unprimed since the difference 
is of higher order than we are considering. 

We evaluate first the principal term in the potential 
energy, the coherent potential energy. It is apparent 
in this that part of the energy shift compared with the 
one-particle case can come from the change in the wave 
function 4’. This effect, arising from volume and 
shape changes of the nucleus, has been qualitatively 
discussed in Sec. IT. This effect is not obviously small 
since it can affect all of the A core particles. It also is 
extremely complicated in origin since it involves an 
understanding of the precise manner in which the core 
adjusts itself to the presence of the extra particle. Part 
of the net effect corresponds to a core polarization, but 
here we will examine only the effect of the change in 
the nuclear volume. Let us first consider the somewhat 
unphysical effect of fixing the nuclear volume of the A 
particles and adding the (A+1)th. The effect on the 
energy of this 1/A change on the volume per particle 
can be estimated from a knowledge of the rate of change 
of the total energy of the system with volume. It will 
be only a second order effect since the system saturates 
at the minimum of the energy versus density curve, and 
can be estimated using the saturation results of refer- 
ence 1. For a nucleus of 40 nucleons it gives an energy 
shift for the entire nucleus which is approximately 
4 Mev. Thus the effect in this approximation is very 
small, furthermore it will result only in a uniform shift 
in all energy levels (at least those over a narrow region) 
and does not affect the relative level spacing which is 
our primary interest here. 

The aforementioned argument can be reinforced if we 
observe the way in which the actual physical nucleus 
will react to the presence of an extra particle. The 
saturating character of the forces means that the core 
will change its density to keep the energy per particle 
constant; since the addition of the additional particle 
at fixed volume is equivalent to an increase in the den- 
sity, the core will adjust itself to a radius sufficiently 
larger to compensate for the slight change in energy 
resulting from higher density. Consequently the already 
small (uniform) shift in the levels can be expected to be 
reduced further and can be neglected. Thus we shall 
in the following neglect the effects of changes in the core 
energy, but it will be noted that this is in no way the 
same as neglecting the interaction between the extra 
particle and the core. 

In this approximation we need examine only the 
effects on the energy of the changed propagators in the 
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tj. We break the sum up into 3 terms, 


Li bei = Le best D (ta 


i), core i, core 


(59) 


The first term in this sum is the very large core poten- 
tial energy; we wish to see to what extent the core 
energy is affected by the simultaneous presence of two 
nucleons. A shift in the core energy arising from this 
effect would be equivalent to an additional particle- 
particle interaction arising from coupling through the 
core. 

The change in / resulting from the presence of two 
particles is due to the change in the propagator; we have 


(60) 


where 
(61) 


and 
(62) 


63) 


é= Ey: le12 64 


We wish to relate this typical term in the core energy 
to the energy in the presence of only one particle for 
which a typical term is 


To develop the relation between ¢;;' and 4;;, we note 
some simple properties of the propagators; first, we 
have written the total energy E of the system as a sum 
of energies 


E= Ex T Ey T E, T E,2, (66) 


where E, is the energy of the undisturbed core, EZ, and 
E, are the total energies of particles 1 and 2, and Ej, 
is the energy resulting from the interaction between 
particles 1 and 2. A consequence of this separation is 
that the term ¢;2 will always be zero since the operators 
vy; and ¢,;; act only on core particles, and ¢,;, which 
commutes with these operators gives Ej, acting on the 
wave function of the system. We treat the remaining 
correction by expanding the propagator about the 
point where é is zero, i.e., we use the identity 
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(67) 
e+erte: e+e; 
This separation is not yet complete since the second 
term contains in part the energy of the core in the 
presence of particle 2. A further expansion gives 
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The last two terms then give rise to the lowest order 
shift in the core energy due to the simultaneous presence 
of two particles. Consequently we can write for the 
change in the core energy: 


1 1 1 1 
sp=E 4 (crete «) | 
7 é é€ é€ é 


This term is of fourth order and therefore of higher 
order than the terms we have retained elsewhere; we 
still need to examine its structure, however, to show 
that the presence of the double sum over A*/2 pairs of 
core particles does not result in an appreciable con- 
tribution to the energy. 

The term e; can be written 


e=E;—TM— > bens, 


k,core 


(69) 


(70) 


which vanished acting on the ground state. In addition, 
since v;; and ¢;; depend only on core particles, 7; com- 
mutes with them and has the value 7;° acting on the 
ground state. Thus we can write 


> 


= [ 0 a 
Qa 2. | beet bent } 
& core 


(71) 


whereby ¢;;° we mean the value that ¢;; has acting on 
the ground state. We now observe that in a term such as 


(72) 
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the contribution will be zero unless i or 7 is equal to k, 
the operator /,, otherwise commuting with 2; to act 
on the ground state. Consequently the sum over 14, j, 
k reduces to (we consider only one of the typical terms) 
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(73) 


The dependence on the total number of particles can 
now be estimated; each term in 2,; or /;; introduces a 
factor 1/r (» the nuclear volume) ; the summation over 
a single intermediate state implied in the matrix product 
gives, when replaced by an integration, a factor of ». 
The double sum over core states gives a factor of A’. 
Thus the dependence on A is of the form 


A*(2/t*)~ A?/A®=1/A, (74) 
which is the same as that of the principal energy splitting 
term f.;2~1/A. This additional correction term is of 
fourth order and in addition is small because of the 
cancellations occurring between /, and ¢,°. Conse- 
quently, to the order we are calculating, we can neglect 
the change in the energy of the core due to the simul- 
taneous presence of the two extra nucleons. The same 
arguments allow us to replace f.«:" by f. in Eq. (59). 
The remaining smaller correction terms can be easily 
broken up into terms referring to the core and particle- 
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core and particle-particle interactions. Finally, com- 
bining the resulting terms which can be identified with 
the single-particle energies and calling them E, and Ep, 
we obtain for the energy of the A-plus-2-particle system 


ie 
E(A+2)—E\— E:=tew- («. hetarhé) 
ee 


ee 
(«. [f-ta-or+ permutations} ), (75) 
i,core é é 
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which is correct to third order in the /,;; operators. The 
relative simplicity of this result is a consequence, of 
course, of the absorption of many of the complicated 
energy corrections into the single-particle energies. 
Each of the terms removing the degeneracy of the 
single-particle levels, i.e., the last three terms of Eq. 
(75), has the same dependence on the total number of 
particles, i.e., a 1/A dependence. 

This result differs from the results of Sec. II almost 
entirely from the presence of the last term, the second 
term having a negligible effect on the energy. The last 
term is a coupling of particles 1 and 2 through the ith 
core particle, summed over the core. The resulting 
interaction will depend on the coordinates of particles 1 
and 2 and in general be largest when the particles are 
close together. The interaction will also depend on the 
state of the core and of the extra-core particles. It can 
be expected to have a nonlocal character when ex- 
pressed in coordinate space; in addition its spin and 
isotopic spin dependence will bear no simple relation 
to the two-body potential 72 which generates ty)». This 
term is in some sense analogous to the particle-particle 
coupling which, according to Bohr and Mottelson, is 
the result of interaction with the surface of the core. 
We shall in the next section carry out an explicit evalu- 
ation of the correction to the two-body interaction 
which arises from this type of particle-core coupling 
and show that its effect is very small. 

We would now like to point out that insofar as the 
effects of a particle-core particle coupling can be re- 
placed by those of an equivalent short-range two-body 
interaction, the net effect of the direct and core-particle 
interactions can be represented by a phenomenological 
2-body potential. Consequently, a study of the energy- 
level fine structure which neglects the particle-core 
couplings and attempts to fit the experimental data in 
such an approximation will lead to an effective two- 
body potential which in general will differ (although 
possibly only slightly) from the free two-particle inter- 
action. Stating this more recisely, if we combine all of 
the level splitting terms into one effective reaction 
matrix defined by 
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then we can expect to find an approximately local 
“potential” g:2 which will generate Gy: according to the 
equation 

1 

Gir= £12 t £12-Gie. (77) 

e 
The effective potential g,: will then be expected to 
differ somewhat from 1%». As we shall see in the next 
paragraphs, the phenomenological introduction of such 
an effective potential to describe the net particle- 
particle coupling including core effects can be expected 
to lead to a considerable improvement in accuracy if 
an attempt is made to predict the energy levels of a 
three-particle-plus-core system making use of empirical 
knowledge of the core-plus-one-particle and core-plus- 
two-particle systems. 


C. Three Particles and Core 


The same techniques as those used in the preceding 
paragraphs can be used for the case of three extra-core 
particles. We shall not go through the details of the 
analysis since these very closely parallel the analysis 
of the one- and two-particle systems. The result is 


E(A +3) = E\t+ Ext Est+GeirtGestGeas 


: 3 
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where the operators G,,; are defined by equations similar 
to Eq. (77). Thus, if we proceed phenomenologically 
from the case of two extra-core particles to the three 
extra-core particle case, the only new terms which arise 
are the last of Eq. (78), those arising from incoherent 
coupling of the three extra-core particles. The effect of 
these new terms is relatively small, although not neg- 
ligible, as has been pointed out in Secs. II and III. It 
also should be pointed out that these final correction 
terms in the three-particle case can be computed with 
sufficient accuracy from the “effective potentials” g,, 
defined by Eqs. (76) and (77). Thus one can expect to 
get a high degree of accuracy in the final results if one 
not only uses the empirical energy levels in the one 
particle case but also determines the effective particle- 
particle coupling by examining the fine structure of the 
two-particle case. The errors in this procedure are 
quite small since they are of higher order than the 
leading (and dominant) terms we have considered. 


V. EVALUATION OF PARTICLE-CORE 
COUPLING EFFECTS 


We shall in this section determine the size of the cor- 
rection terms defined in the previous section which 
originate in particle-core coupling. These terms are 


tt 
AE,.= 2 [(«. Tz heh) 
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In evaluating this correction to the interaction of par- 
ticles 1, 2, we shall make certain simplifying assump- 
tions which will allow us to make a fairly straight 
forward evaluation of the effect. These are: (1) the 
exclusion principle will be included only by requring 
that transitions occur to states above the Fermi limit 
and that particles interact only in allowed states of 
relative orbital momentum, (2) the wave function will 
be approximated by a degenerate Fermi gas of plane 
waves rather than the actual independent particle 
states of a spherical nucleus, and (3) the incoherence 
operators J,; will be approximated by the incoherent 
Born approximation scattering from a Yukawa well 
with Serber exchange mixture. We will also approximate 
to the result by evaluating only a typical one of the six 
correction terms in Eq. (79) and multiplying the result 
by six. 

We consider the first term of Eq. (79), 
explicitly in momentum space. 


written now 
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E;’ 
For the /’s, in the approximation described above, we 


have 
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where 


and Vo is the well depth, 1/u is the well range, and 
v= (4/3)areA is the nuclear volume. 

For the energies of the particles moving in the nuclear 
well, we use the result derived in reference 1, that 


E=/2M*+V, 


where V is a constant well and M®* is an effective 
nucleon mass which is modified from the nucleon mass 
to include the effects of the quadratic momentum de- 
pendence of the actual well. In this approximation, and 
replacing the sums by integrals (and making use of the 
Kronecker delta functions over total momentum), we 
find 
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with the restriction arising from the exclusion principle 
that 
\k,’ 2 kp, k,’ = ki +k.—k,’ 2 kr, 
ki | =|k,+k,—k,’| > kp. 


(84) 


We will also approximately include the effects of the 
exclusion principle by multiplying this result by the 
apriori probability that particles interact in even states 
of orbital momentum, namely }(4 Xj for the n-p pairs 
plus 4X} for the like particle pairs). 

We are particularly interested in the interaction 
between particles in the same states; thus we shall] in 
the integral of Eq. (83) set k,=k,. In addition we 
consider particles moving in the last state filled in the 
Fermi gas and set |k,;| =». We shall also introduce a 
further approximation at this stage. We note that the 
momenta which enter the integrals are all quite large 
and that since f(x) is a rapidly decreasing function of 
x for large x, the only term in the integrand which will 
contribute appreciably is that in which terms of the 
form f*(x) appear. A term for example of the form 
f?(x) {(x+k,) will be much smaller since it is not simul- 
taneously possible for f?(x) and f(x+k,) to be large. 
Consequently we drop such terms and obtain (with a 
change in variable in the integral) 


2xVo\? f*(x) 
) um f ads — =e 
yt 2 (22—k,-x—k,-x) 


(85) 
with the restrictions 


x—k, > kr, x+k, > kp, x—k, Dkr. (86) 
The integration over the core variable i is, except for 
these restrictions, extended over the Fermi sphere of 
momentum. This integral cannot be carried out com- 
pletely in closed form; an excellent approximation 
introducing errors of less than 20 percent), however,, 


leads to the result 
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We compare this (after multiplication by six to include 
the other terms arising from permutations of the par- 
ticles) with the diagonal term for interaction between 
the two surface particles, 


AE=4rV 0/y*0. 


hfs «:.3 (—) 

SE 16r\ 2 J 
Taking M*=0 54M, Vo/u=0.252 (corresponding to a 
bound state at zero energy), the final result is 


AE,./AE=0.016. 


(88) 
The ratio is 


(89) 


(90) 


Thus the contribution to the particle-particle interac- 
tion energy which arises from particle-core-particle 
coupling is quite small. As pointed out in the previous 
section, this can be readily included by a slight modi- 
fication of the effective two-body interaction or a more 
detailed analysis of the type carried out in this section 
can be made to give its effect explicitly. 


VI. CONCLUSIONS 


We have considered the formalism developed in 
treating other problems of nuclear structure and nuclear 
saturation, and shown how it may be extended to the 
more detailed problem of energy-level fine structure, 
We have taken as our starting point a nuclear Hamil- 
tonian containing as interaction terms only strong 
short-range two-body potentials. We have then shown 
how the relationships among the energy levels of neigh- 
boring nuclei can be very accurately determined if use 
is made of empirica] knowledge of energy levels of one 
of the nuclei and a particle-to-particle coupling is 
introduced. This coupling is shown to be the result to 
a very good approximation of direct interaction through 
the two-body nucleon potential, effects of coupling 
through the nuclear core being evaluated and shown to 
be small. Thus we have demonstrated the relationship 
between the treatment of the original many-particle 
Hamiltonian and the determination of details of the 
energy-level structure by the methods of, for example, 
Flowers‘ and Ford and Levinson.® 


The remaining problem which we have considered 
more briefly is the character of the nuclear wave func- 
tion and the effects of particle-particle and particle-core 
configuration mixing. These unavoidably appear in the 
actual nuclear wave function as a consequence of the 
assumed strong two-body interactions and in general 
will affect markedly such quantities as the nuclear mag- 
netic moment. The configuration mixing among par- 
ticles outside a simple doubly-magic core (such as Ca® 
or O'*) is known to provide an explanation of the 
anomalies in magnetic moments; it is not obvious, 
however, that additional large effects will not appear 
due to the particle-core coupling. We have given 
qualitative reasons for the smallness of such effects on 
the magnetic moment; these reasons are (1) relative 
insensitivity of the magnetic moment to short-range 
correlations in the wave functions, (2) absence in Ca” 
and O'* of core states which when mixed into the single- 
particle wave function can give linear changes in the 
magnetic moment, and (3) relatively large excitation 
energies and consequent nonpolarizability of the core 
of a doubly magic nucleus. We have also ‘remarked, 
however, that the apparent purity of a state as shown 
by a magnetic moment on the Schmidt line cannot be 
regarded as evidence for a simple independent-particle 
nuclear wave function, but only that admixtures of 
other states can in certain quite special circumstances 
have little effect on the magnetic moment. In these 
special cases it also appears that argements can be 
made in favor of working with a nonsingular two-body 
potential to perturb the shell-model states since the 
respulsive core of the actual two-body potential] does 
not affect the parts of the wave function which domi- 
nate in determining energy level splitting and magnetic 
moments. This result is obviously related to a similar 
situation which exists in nucleon-nucleon scattering 
where, over sizeable energy intervals, many equivalent 
potentials give almost identical predictions of scattering? 

The authors would like to acknowledge many helpful 
discussions with Professor K. W. Ford and Dr. C. A. 
Levinson. 


7 See for example the discussion of the effects on high-energy 
processes of correlations in the nuclear ground-state wave function 
by Brueckner, Eden, and Francis (to be published) 
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Random Wilson cloud-chamber photographs of cadmium and molybdenum foils show that the double 
negatron half-life is greater than or equal to 1X 10" years in Cd™* and 3X10" years in Mo™, and that the 


double positron half-life is g: eater than or equal to 6X 10"* years in Cd™ and 4X10" years in Mo* 


The 


background appears to be primarily caused by Compton electrons and photoelectrons ejecting cther ciec 
trons on their way out of the foil and by photons that suffer two Compton scatterings while traversing the 


foil 





lL. INTRODUCTION 


‘XEVERAL paths to an experimental choice between 
the Dirac and Majorana neutrino theories are, in 
principle, possible. For instance, discovery of a neutrino 
magnetic moment’ would disprove the Majorana model 
because electromagnetic forces would take the neutrino 
wave function out of the Majorana subspace.*? On the 
other hand, if neutrinos from the sun contributed to the 
background in the inverse beta experiments of Reines 
and Cowan,’ or if pile neutrinos could cause negatron 
emission from stable nuclei,‘ then neutrinos and anti- 
neutrinos would be equivalent in beta decay. This 
equivalence would probably imply the correctness of 
the Majorana theory, although there are alternative 
* Also, the shape of the electron energy 
spectrum in mu-meson decay might depend on whether 
the two neutrinos emitted are identical or not. However, 
the spectrum observed seems to be consistent with 
either identical 
The most promising procedure for distinguishing 


formalisms.’ 


or different neutrinos.’ 


between the neutrino theories is still an investigation 
of double beta-decay. If neutrinos and antineutrinos 
are not equivalent, double beta decay would involve 
neutrinos or 
of 10% 


antineutrinos 


the emission of two electrons and two 


and _ half-lives 


If 


equivalent, there needs to be only one virtual neutrino 
1 ; 


antineutrinos, In excess years 


would result.* neutrinos and are 


which has all phase space available. Then one would 


expect half-lives ranging upwards from 10" years de- 
pending on the form of the interaction, the energy, and 
the nuclear matrix elements.’ If the decay is pri- 
marily to a single final state, as it should be because of 
the strong energy dependence of the transition proba- 
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bility, the sum of the energies of the electrons emitted 
will be constant. Unless one admits fairly artificial 
theories,*:*"? a demonstration of such a constant sum 
of energies would confirm the Majorana theory. 

Lower limits ranging from 10" years through 10" 
years have been set for double beta activities of more 
than twenty nuclides in several investigations."~* Such 
lower limits can never refute the Majorana theory 
because a large decrease in transition probabilities can 
result if the overlap of final and initial states is poor. 
The accumulation of such lower limits, however, par- 
ticularly if they are above 10'* years, does decrease the 
likelihood of the neutrino being a Majorana particle. 

There exists very little positive evidence for double 
beta decay. The Sn’ results of Fireman*® have been 
refuted by various investigators, including Fireman 
himself."* Inghram and Reynolds* found evidence for 
the decay of Te’ with a half-life of about 10* years, 
but, as has already been pointed out by Kohman,'* 
the activity discovered could well be single beta decay. 
Fremlin and Walters'® found a 10'*-year activity in 
Mo™, but Kohman!* found a lower limit of 10'* years 
and the present work gives a lower limit of 3X10" 
years. McCarthy” found activities in Zr* and Ca* 
and showed that, although there are alternatives, they 
most probably represent double beta decays in which 
the two emitted carry all of the 
available energy with a half-life of 6X10" years. 
Clearly, more conclusive results are prerequisite to a 
final decision between Dirac and Majorana neutrinos. 
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SEARCH FOR 


Il. SELECTION OF SOURCES 


Among the elements which might show double beta 
activity, cadmium and molybdenum seem particularly 
suitable for experimental investigation. The nuclide 
Cd"*, with natural abundance of 7.7 percent, has 
2.6+0.2 Mev, and Mo™, with a natural abundance of 
9.7 percent, has 2.3+0.2 Mev available for double 
negatron emission.” In addition, Cd", with a natural 
abundance of 1.2 percent, has 0.8+0.2 Mev available 
for the kinetic energy of the positrons in double positron 
emission.*:?> Molybdenum also contains, with a natural 
abundance of 15 percent, Mo”, which lies below the 
beta stability line and might undergo double positron 
decay; however, since it has a magic number of neu- 
trons and since no adequate mass measurements exist, 
nothing reliable can be said about the energy available. 
If the neutrino is a Dirac particle, the half-lives for all 
four transitions are too long to be observed in the pro- 
cedure described below. If the Majorana theory applies, 
the half-lives for Cd''® and Mo™ will be > 10" years, 
and the half-life of Cd'°* will be > 10" years. Since the 
energy is not known for Mo”, a lifetime cannot be 
estimated; in fact, only double K capture, or even no 
transition at all, may be energetically possible. 


Ill. EXPERIMENTAL PROCEDURE 


‘For both the cadmium and the molybdenum in- 
vestigations, three foils of the material being studied 
were stretched across a 24-cm diameter Wilson cloud 
chamber. A mixture of 50 percent by volume of water 
and 50 percent methanol was boiled into the evacuated 
chamber, which was then filled to a total pressure of 
1.6 atmos with argon. Stereoscopic photographs were 
taken of a random expansion every 30 seconds. A mag- 
netic field of 790 gauss, made uniform to 1.5 percent 
over the usable region of the chamber by proper 
shaping of an air-core solenoid,** was turned on about 
one second before the expansion. The adjustment of the 
chamber was checked visually about every hundred 
expansions. 

The pictures obtained were projected first on a 
screen, with the two stereoscopic views placed next to 
each other. Those in which two negatrons or two posi- 
trons seemed to come from the same point on the foil 
were marked for further study. Also, from the number 
and appearance of single tracks, a judgment of the 
acceptability of each roll of film was made: 13 percent 
of the photographs obtained were discarded because the 
appearance of the tracks and the background fog sug- 
gested doubt whether minimum-ionization electron 
tracks could be discerned in all parts of the chamber. 

The pictures marked for further examination were 
projected stereoscopically through the same mirror and 
camera system with which they were photographed. 

™* John T. McCarthy, Phys. Rev. 95, 447 (1954). 

*3 Richard E. Halsted, Phys. Rev. 88, 666 (1952). 


** Martyn H. Foss, Technical Report No. 2, Navy Contract 
N7 ONR-303 T.O.L. (unpublished). 
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By attempting to place a screen in the plane defined by 
the beginnings of both tracks, one could determine 
with fair precision whether the tracks came from the 
same point. Some difficulty arose because the layer of 
gas adjacent to the foil loses its supersaturation sooner 
than most of the chamber, so that many tracks became 
invisible in that layer and had to be extrapolated back 
to the foil. In all cases, however, it could be determined 
whether the tracks started within 0.4 cm of each other. 
When both tracks appeared to come from the same 
point, upper and lower bounds on their curvature, and 
therefore on their energy, were established. When one 
of the tracks was scattered too violently in the gas or 
was too nearly straight for meaningful measurement, 
the picture was discarded. Therefore, only tracks of 
electrons with energy between 0.1 Mev and 6 Mev 
could be used. For those photographs in which both 
tracks came from the same point and had a measurable 
curvature, an upper and lower bound on the sum of the 
energies of the two electrons, including a correction for 
loss in the foil, was established. 


IV. CADMIUM RESULTS 


For the cadmium investigation, 36 g of 0.11 g/cm? 
foil,?” containing 1.2 10 atoms of Cd"® and 1.9 10” 
of Cd, were installed in the chamber. The probability 
that two electrons from one atom would travel in the 
illuminated region of the chamber for 4 cm was, on the 
average, 0.3, giving 3.6 10 as the effective number of 
Cd"* nuclei and 5.710” as the effective number of 
Cd nuclei. 

With the foils in place and with the chamber filled 
and operated as for the actual double beta search, a 
calibrated P® source was photographed. From the 
strength of the source and a determination of the 
average number of tracks seen coming from it per 
expansion, the sensitive time of the chamber was found 
to be 0.36+0.08 second per photograph. Since 12 352 
acceptable photographs were taken, the cadmium was 
examined for (1.4+0.3)10~™ year. 

In 24 cases, two negatron tracks appear to originate 
from the same point in the foil. To represent the results 
in Fig. 1, a rectangle of unit area was assigned to each 
event, with its base running from the minimum to the 
maximum total energy of the event. The solid line in 
Fig. 1 was obtained by adding the heights of these 
rectangles wherever they overlapped and gives the ex- 
perimental number per unit energy as a function of the 
energy. 

A definite indication of double beta decay would be a 
maximum in Fig. 1 at 2.6 Mev. No such maximum is 
observed, but three events contribute to the result at 
that location. It is interesting that the calculated back- 
ground curves (see Sec. VI below) lie everywhere higher 
then the experimental distributions except at the high- 
energy end of the cadmium plot. Nevertheless, it is 


“# Obtained as 5-mil thick, 99.9 percent pure, foil from A. D. 
Mackay, Inc., 198 Broadway, New York 38, New York. 
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clear that the data do not permit a claim of a positive 
result. Multiplying the effective number of Cd'"* nuclei 
by the time for which the cadmium was under ex- 
amination and by In2 over three, the number of events 
that contribute at 2.6 Mev, one finds that the double 
negatron half-life of Cd''* must be > 1X 10" years. 

One double positron event was found. Its rectangle, 
computed as for the negatron events in the aforemen- 
tioned, is shown dashed in Fig. 1. Its rather large energy 
range includes the available double positron energy. It 
is, however, entirely reasonable that the background 
should contribute one such event (see Sec. VI below). 
The double positron half-life of Cd is therefore 
> 6X 10"* years 


V. MOLYBDENUM RESULTS 


For the molybdenum investigation, 42 g of 0.13 
g/cm? foil,” containing 2.510" atoms of Mo™ and 
3.9 10” of Mo”, were installed in the chamber. The 
probability of observing both electrons was again 0.3, 
giving 7.510" and 1.210” as the effective numbers 
of Mo’ and Mo* nuclei. 

The sensitive time of the chamber was measured with 
a calibrated P® source as in the cadmium work and was 
found to be 0.54+0.12 second per photograph. The 
higher value resulted from the use of a deeper chamber. 
Since 13 402 acceptable photographs were taken, the 
molybdenum was examined for (2.30.5) X10~ year. 

In 35 cases, two negatron tracks appear to originate 
from the same point in the foil. In Fig. 2, the results 
are shown in the same fashion as for cadmium in 
Fig. 1. No maximum is observed at 2.3 Mev, the avail- 
able double negatron energy, but four of the events 
found straddle that energy. 
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Fic. 2. Number per Mev os energy, of instances in which two 
negatrons appear to come from the Mo foil. The smooth curve 
gives the estimated double negatron background. The arrow 
marked 28- underneath the energy scale indicates the expected 
double negatron energy. 


The calculated background curve (see Sec. VI below) 
lies everywhere above the experimental results. 

Multiplying the effective number of Mo™ atoms by 
the time for which the molybdenum was under ex- 
amination and by In2 over four, the number of events 
that contribute at 2.3 Mev, one finds that the double 
negatron half-life of Mo >3 X10" years. 

No double positron events were found. Multiplying 
the effective number of Mo” atoms by 2.3X10~ year 
and by 21n2, one finds that the double positron half- 
life of Mo”®>4X10'* year. This result is of little sig- 
nificance in the absence of an estimate of the available 
energy. 


VI. BACKGROUND 


Both for the understanding of this experiment and 
for the planning and interpretation of other double 
veta experiments, it is useful to study in some detail 
the sources of background. 

For 1869 of the cadmium pictures and 1950 of the 
molybdenum pictures, all single negatrons that came 
from the foil (presumably mostly ejected by photons 
arising from cosmic rays, with perhaps some due to 
beta-active contamination) were recorded, with their 
radii of curvature estimated to the nearest cm. From 
these single negatron distributions were obtained the 
expected distribution of events in which two electrons 
appear to emanate from the same point. Figure 3 shows 
the separate contributions to this background as esti- 
mated below for cadmium; for molybdenum, the curves 
are qualitatively similar. The sums of these contribu- 
tions are superposed on the experimental! distributions 
in Figs. 1 and 2. 


A. Random Coincidence 


If the origins of two single tracks happen to be less 
than 0.4 cm apart, the event can give the appearance 
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of a double beta decay. To estimate the contribution of 
this effect, those pictures containing two or more 
negatron tracks that start anywhere in the foil were 
used. All possible combination of the tracks in each 
picture were considered. Each combination had a 
probability of 0.4 cmX0.4 cm, the region of distinguish- 
ability, divided by 250 cm?, the total area of the foil. 
The distribution was then divided by two because 
tracks formed near the beginning of the sensitive time 
could be distinguished from those formed near the end 
by their noticeably more diffuse appearance. The result 
is the curve labeled Random in Fig. 3. 


B. Negatron-Negatron Scattering 


An event having the appearance of a double beta- 
decay results if a negatron that has been produced in 
the foil shares its energy with another negatron on its 
way out of the foil. Since a negatron starting with 0.3 
Mev or less probably would have too little energy after 
leaving the foil for meaningful measurement, the 
Mller formula was integrated over the energy shared 
from 0.3 Mev to half the energy E of the negatron 
considered. The resulting expression, which will then 
only depend on E, multiplied by the thickness of foil 
that the average negatron traverses, and multiplied 
by the number of negatrons per photograph with E, 
gives the expected contribution at E. The result is 
labeled 88 Scattering in Fig. 3. 


C. Two Compton Scatterings, or Compton Scattering 
Followed by Photoelectric Emission 


Whenever a single negatron was produced by Comp- 
ton scattering, the residual gamma ray was capable of 
ejecting another negatron before leaving the foil. It 
was assumed that all negatrons observed were produced 
by photoelectric emission or by Compton scattering, 
and the number due to Compton scattering was com- 
puted as a function of energy. The probability that the 
residual photon would produce another negatron before 


" % Chr. Moller, Ann. Physik 14, 569 (1932), Eq. (76). 
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leaving the foil was then obtained. The calculations 
were simplified by the assumption that, in each Comp- 
ton event, the negatron received the average fraction™ 
of the photon energy. In Fig. 3, the contribution due to 
two successive Compton scatterings is labeled Compion- 
Compion ; that due to Compton scattering followed by 


photoelectric emission is labeled Compton-Photo. 


D. Gas Scattering 


If the apparent curvature of either one member of a 
negatron-positron pair, or of one part of a track going 
through the foil, is reversed by multiple scattering in 
the gas, an event giving the appearance of double beta- 
decay results. The magnitude of this effect was esti- 
mated by counting the number of pairs and the number 
of electrons passing through the foil, and then multiply- 
ing by the probability that the curvature of either 
branch is reversed by scattering.” This effect is negli- 
gible ; in the 2-Mev neighborhood, the expected number 
of these events is 10~* for either of the entire cadmium 
or molybdenum experiments. 


E. Double Positron Background 


An event with the appearance of a double positron 
decay could result either through gas scattering (see 
Sec. D), or, far more probably, through two negatrons 
that start elsewhere converging toward the same point 
on the foil. The one case found in cadmium is readily 
explained by the latter process. 


F. Summary of Background Calculations 


The estimated background suffices to explain the 
results obtained. Negatron-negatron scattering and two 
successive Compton scatterings provide the principal 
contributions. 

The sums of all contributions superposed in Figs. 1 
and 2 lie, on the whole, somewhat high and rise more 
rapidly as the energy goes down than the experimental 
distributions. This behavior might be expected, since 
no careful consideration of multiple scattering and total 
absorption of the low-energy electrons in the foil was 
made. 


Vil. CONCLUSIONS 


It is intriguing that the one double positron event, 
and the region in which the cadmium double negatron 
distribution rises above the calculated background, 
should both occur near the expected energy. Neverthe- 
less, the nature of the background estimates and the 
smallness of the number of events involved forbid any 
conclusions other than the setting of lower limits rang- 
ing from 10'* through 10'* years on the half-lives of the 
processes considered. These lifetimes are consistent 


* Ann T. Elms, National Bureau of Standards Circular 542, 
1953 (unpublished) 
"H. A. Bethe, Phys. Rev. 70, 821 (1946). 
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with both the two-neutrino decay and with unfavored 
no-neutrino decay. 

The background studies indicate limits on the 
double beta lifetimes that can be reached with ex- 
pansion chambers. 
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4 careful search is made for evidence of possible excited states in Be* in the reactions B“(p,a) Be® and 
B" (da) Be*, by magnetic momentum analysis at a variety of angles and bombarding energies. In spite of 
observing the region corresponding to 3 to 8 Mev several times independently under different conditions, 
with several thousand counts per point on points spaced only about 100 kev apart, no indication was found 
of any of the states in this region reported by others on the basis of poorer statistics, mostly in other reactions. 
Each alpha-particle spectrum observed consists of a sharp ground-state peak and a broad peak of the 
alpha particles giving rise to the well-known 3-Mev excited state of Be* superposed on a continuous back 
ground from the break-up of this state and from three-particle break-up. Peaks observed near the equivalent 
of 10 and 11 Mev in Be® are identified as arising from a target impurity 


I. INTRODUCTION 


HE interesting nucleus Be* may be expected to be 

especially simple because it is so light. It contains 
just enough nucleons to make up two alpha particles. 
The nucleus which is twice as heavy, O'*, may consist 
of four alpha particles in a tetrahedral structure 
differing rather little from a sphere, and it does indeed 
show a strong evidence of collective motion of a body 
with tetrahedral symmetry, as epitomized by the 
alpha-particle model.? The even-even nucleus with mass 
between these C", appears not to follow the 
alpha-particle model,' and this may be associated both 
with the great difference between a triangle and a 
sphere and with the fact that the energy of dissociation 
into three alpha particles is as great as the average 
binding-energy of a nucleon. Although in Be* the 
possible alpha-particle structure, a line or “dumbbell,” 
is also very different from a sphere, no energy is required 
to dissociate it into two alpha particles; so here again, 
there might be a tendency for the low states to be 
approximated by the alpha-particle model. In either 
the shell model or the alpha-particle model, or indeed 
in a blend of the two, the expected sequence of low- 
energy levels is very simple. The shell-model expectation 
is determined by the calculations which show in (LS) 
coupling a series of singlets, \S,, ‘Ds, ‘Gs, and similar 
widely-spaced levels in (jj) coupling and so also in 


two, 


* Now at Bell Telephone Laboratories, Whippany, New Jersey. 

t Work performed under the auspices of the U. S. Atomic 
Erergy Commission 

*D. R. Inglis, Revs. Modern Phys. 25, 390 (1953) 

*D. M. Dennison, Phys. Rev. 96, 378 (1954); J. W. Bittner 
and R. D. Moffat, Phys. Rev. 96, 374 (1954). 


intermediate coupling.! It should, however, be men- 
tioned that states probably not belonging to the ground 
configuration p" appear in the neighboring nuclei Li’ 
at 6.4 Mev and C" at 7.7 Mev, and might also appear 
in Be* at a comparable energy. The expectation of 
possible simplicity should not prejudice one, but does 
add interest to the experimental investigation of Be*. 

The evidence concerning the spectrum of low states 
in Be® remains conflicting. Some experiments suggest 
quite a number of low excited states, and other experi- 
ments, particularly those in which it has been possible 
to collect the most convincing statistical evidence, show 
only the well-known broad excited state at about 3 Mev. 
It is unfortunate that there are intrinsic difficulties 
which make it very time-consuming to collect adequate 
numbers of counts per point in some of the work 
showing the “extra” states, for the demonstration that 
certain other reactions do not show these states does 
not disprove their existence. It is always possible that 
an adverse matrix element is suppressing a given 
transition, but in the absence of some general selection 
rule, it becomes unlikely that this should happen at a 
variety of bombarding energies and angles, because a 
special selection that might apply for a given state of 
the compound nucleus or at a given angle would not be 
expected to apply at others. The present work is 
confined to reactions wherein it is not very difficult to 
obtain many counts per point with relatively good 
resolution. We have tried to vary the experimental 
conditions to exclude the possibility that some chance 
cancellation in the matrix element is hiding some of 
the states from us. 

















SCARCITY OF LOW-ENERGY LEVELS OF Be® 


Previous work? on this subject up to about a year ago 
is summarized in the preliminary report on the present 
investigation‘ and in a subsequent discussion by 
Titterton.® More recently, Trail and Johnson,* using a 
counter technique for measuring neutron energies, 
have repeated the work on Li’(d,n)Be*. With somewhat 
improved statistics, but rather poor resolution, they 
fail to find the states at 4.09, 4.9, and 7.5 Mev inferred 
from the earlier photographic emulsion work on this 
reaction’ and observation® of alpha-gamma coincidences 
in Li? (p,7) Be’. 

Among the investigations revealing some of the 
disputed states, the work of Ciier, Jung, and Bilwes*-” 
on B°(d,v)Be® seems to us to display the most impres- 
sive statistical evidence. The peaks which they con- 
sidered significant consisted of at least four high 
points in succession isolated by a valley of at least two 
low points in succession. Their results suggest that the 
questionable states may be more easily observed near 
the forward direction, at least in this reaction. 


II. APPARATUS AND RESULTS 


Proton and deuteron beams for bombardment of B” 
and B", respectively, were obtained from the ANL 
statitron at well-stabilized energies up to over 3 Mev. 
The energy of the alpha particles produced was analyzed 
by means of the 16-inch two-dimensional-focusing 
magnetic spectrometer previously described." Targets 
used in some of the early work were prepared by 
evaporating natural boron on a thick backing, but 
trouble was experienced with losing the target during 
bombardment even with beams below 1 wa. The targets 
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Fic. 1. Excitation curve for the reaction B“(p,a) Be’. 


4 F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
(1955). References are based on an advance preprint kindly 
supplied by the authors 

*R. Malm and D. R. Inglis, Phys. Rev. 92, 1326 (1953). 

‘ E. W. Titterton, Phys. Rev. 94, 206 (1954). 

*C. C. Trail and C. H. Johnson, Phys. Rev. 95, 1363 (1954) 

’ Trumpy, Grotdal, and Graue, Univ. Bergen, Naturvitenskap. 
Rekke No. 8 (1953). 

* E. K. Inall and A. J. F. Boyle, Phil. Mag. 44, 1081 (1953). 

* Ctier, Jung, and Bilwes, Compt. rend. 238, 1405 (1954). 

” P. Cier and J. J. Jung, Compt. rend. 236, 2401 (1953); also 
reference 3 

“ R. Malm and D. R. Inglis, Phys. Rev. 95, 993 (1954). 
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Fic. 2. Yield of alpha particles of various momenta from the 
reaction B"(p,a)Be® at a proton energy of 2.61 Mev, as observed 
at 10° and 90°. The numbers under the curves indicate Be* 
excitation energy in Mev 


used in most of the work were kindly prepared for us 
by Louis Basile by heating prepared metal backings in 
diborane containing either enriched B™” (with about 
5 percent B" remaining) or natural boron. The heating 
and gas flow had to be limited to avoid getting the 
targets too thick. Thick-sheet tantalum backings were 
simply heated by induction. Thin backings of 0.02-mil 
nickel foils (510-> cm) were each held between the 
halves of a small nickel frame. The frame was mounted 
against a steel plate heated by induction, and radiation 
from the plate in turn heated the nickel foil. The frame 
fit snugly enough against the steel plate to inhibit 
circulation of the diborane behind the foil, but a small 
amount of boron was deposited on the back side of the 


foil. 


Reaction B''(p,a)Be* 


Before investigating very carefully the distribution 
in energy of the product alpha particles, an excitation 
curve of B''(p~,~)Be* was observed for the ground-state 
alpha particles, ao, at @= 90° in the range of bombarding 
energies 1.9 to 2.7 Mev. The curve is shown on the 
right side of Fig. 1. The resonances observed at 1.98 
and 2.61 Mev correspond to excited states in C" at 
17.76 and 18.35 Mev, agreeing with the values 17.8 
and 18.39 Mev deduced from gamma-ray observations.’ 
The data on the left side of Fig. 1, including the broken 
lines used to indicate uncertain states, were taken from 
reference 3. In the small insert for B'+p—a, our 
excitation curve is sketched on a small scale and 
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Fic. 3. Yield of alpha particles from B"(d,a)Be* at a deuteron 
energy 3.18 Mev, observed at 60° and 108°. In this and the 
following figures, the low sharp peaks labelled by states of BY 
should be plotted ten times as high to represent the numbers of 
protons observed from the prolific competing reaction B(d,p)B". 


compared with those previously observed" for energies 
up to 1.5 Mev for both the ground state and excited 
state transitions, though we have not established the 
factor by which to compare intensities. 

Alpha-particle spectra were observed at laboratory 
angles of 10° and 90° for a proton bombarding energy 
of 2.61 Mev. The results are shown in Fig. 2 in which 
the abscissa is proportional to magnetic field or particle 
momentum. Places where one would expect to find 
alpha groups associated with reported levels in Be* are 
indicated in Fig. 2, labeled by the reported values of 
the excitation energies. Early results at 90° have been 
previously published.‘ 

At both angles the alpha-particle spectrum showed 
peaks corresponding to the ground state and the 2.94- 
Mev excited state of Be*. The resolution is such that 
the peaks of the sharp ground state each consist of four 
high points and in most of the regions carefully covered 
a peak would likewise be recognized as several succes- 
sive high points. 

The 10° alpha-particle spectrum shows a strong peak 
at a magnetic field corresponding to an excitation of Be* 
of about 7 Mev. The excitation curve of this alpha- 
particle group shows a resonance at a proton bom- 
barding energy of 2.28 Mev not shown by the ground- 
state group ao. We attribute this group to the reaction 
B"(p,a) Be’,.4. Such a group is to be expected since a 
natural boron (19 percent B™”) target was used. At 90 
this group was not observed because it occurs at 
magnetic fields below the proton scattering edge. This 
group gives rise to a double peak, and the ground state 
also shows some indication of structure. This may be 


® Beckman, Huus, and Zupandit, Phys. Rev. 91, 606 (1953) 
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attributed to a smal] amount of boron on the back of 
the thin backing used at this angle. Confirmation of 
this interpretation was obtained by observing the 
double peak at angles near 108°. 


At 6=65° and E,=2.61 Mev, one hasty run was made which 
is not presented in a figure because the points through most of 
the spectrum were too widely spaced to be significant and because 
of the adverse circumstance that the target was only about 5 
percent B", the rest being B™”. In it a weak peak was observed 
at a position equivalent to E*=3.61 Mev, with an intensity 
about 5 percent of the ground-state peak. It is presumed to 
arise from another reaction but the data are insufficient to 
identify the target impurity. 


Reaction B'°(d,a)Be® 


Both thick-backed and thin-backed B" targets were 
available, each of which had presumably about 5 
percent B" impurity. With these targets the reaction 
B"(d,a)Be* was observed at a variety of angles and 
energies in a further search for possible states of Be’. 
The data shown in Figs. 3, 4, and 5 were taken with a 
thick-backed target, while the data in Fig. 6 were taken 
with a target with a thin backing (0.02-mil nickel foil). 
The competing reaction B"(d,p)B" yields four groups 
of protons with energies in the range of interest. The 
protons were easily separated from the alpha particles 
since the sodium iodide crystal used as a detector gave 
considerably larger pulses for protons than for alpha 
particles of the same energy. 

By using the known Q’s for the ground-state alpha 
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Fic. 4. Yield of alpha particles from B"(d,a)Be* at 2.39 Mev, 
observed at 60°, 90°, and 108°. 
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particles and the B"(d,p)B" protons, a consistent 
calibration of the magnet was obtained. Above an 
alpha energy of 15 Mev, this curve deviates from the 
parabola through the low-energy points by about 10 
percent. This deviation occurs because the edges of the 
poles, where the field is measured, saturates at a lower 
field than the middle of the pole pieces, where the 
particles travel. 

All of the data are consistent with this calibration to 
about } percent except in the case of the two spectra 
at a bombarding energy of 3.18 Mev, shown in Fig. 3. 
In this figure energies according to the original cali- 
bration were satisfactory at low fields but were about 
one percent too high at high fields. The numbers 
indicating excitation energy in Be* were placed so as to 
be consistent with the B'°(d,p)B" proton groups. The 
source of the discrepancy has not been identified but 
it is felt that it does not affect the smoothness of the 
curves or the apparent scarcity of levels in Be’. 

Peaks corresponding to about 9.5- and 11-Mev exci- 
tation of Be* appeared in all of the data covering this 
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Fic. 5. Yield of alpha particles from B"(d,a)Be* at 
Ea=2.09 Mev, 6= 108°. 


interval taken while studying the reaction B"(d,a)Be’. 
Inconclusive evidence for a state at the lower of these 
energies is reported in reference 10. The peaks were 
identified by their variations with angle as coming from 
the reaction B"(da)Be® due to the 5 percent B" 
impurity in the target, corresponding to transitions to 
the ground state and 2.43-Mev state of Be’, respec- 
tively. 


Discussion 


All of the spectra observed show peaks due to the 
ground state and 2.94-Mev state of Be*, superposed on 
a continuum arising from the breakup of the latter 
state and perhaps from direct three particle break-up. 
No other peaks were observed which could not be 
attributed to other reactions in the target. An upper 
limit for the intensity of another peak which would be 
unobserved by us is difficult to set since the accuracy 
of our data and the magnitude of the alpha-particle 
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Fic. 6. Yield of aipha particles from B"(d,a) Be* at Eg= 1.43 Mev 
near the forward direction. 


continuum vary from spectrum to spectrum and place 
to place. We feel that for all curves, we would have 
detected a peak as much as 10 percent of the ground- 
state transition. Much of the data is considerably 
better than this, and in many cases in the regions 
where levels have been previously reported we would 
have observed a transition with 2 percent of the 
intensity of the ground-state transition. For peaks 
broader than the width set by our, resolution, these 
limits would have to be increased accordingly. 

In conclusion, it appears to us extremely unlikely 
that any systematic behavior of the matrix elements 
involved in the transitions should have hidden the 
existence of states in Be* in the neighborhood of 4, 5, 
and 7.5 Mev in Be’*. It is difficult to imagine any 
characteristics* that would distinguish these states so 
completely from the two lower states. We consider the 
weight of the accumulated evidence to favor the 
absence of the questionable states. 


% The excitation curve of the reaction B"(p,«) Be* for the group 
a; to the broad 3-Mev state is said (see reference 3) to show the 
resonances at 1.98 and 2.61 Mev which we observed for the 
ground-state transition ay (Fig. 1), and in addition shows (see 
reference 12) a distinct resonance at 0.67 Mev not shown by ao, 
at which a; is about 100 times as intense as ap. Since BY +p (in 
contrast to B”+d) can form 7 = 1 states in the compound nucleus, 
this apparent selection has led to the suggestion (V. Telegdi, 
private communication) that the resonant state at 0.67 Mev 
T=1 as is compatible with its high energy in C", and that the 
broad 3-Mev state of Be* has at least a small percentage of T=1, 
the ground state having none. (Judged by the ground state of 
Li*, the lowest primarily T=1 state in Be* is expected to have 
J =2 and could thus mix with the 3-Mev state, but many other 
T=1 states are expected at slightly higher energies, some of 
which could mix with the ground state, and it is not clear why 
there should be an admixture in one and not, the other. It might 
possibly be associated with the ground state alone being a pure 
Png engages state.) This proposed admixture of T=1 in 
the 3-Mev state and not in the ground state would not help 
explain a suppression of the questionable states relative to both. 
A factor 5 in the ratio a/ae is expected from the statistical factor 
(2J+1) aside from any peculiarities of matrix elements, and the 
ratios of the areas under the corresponding peaks tend to be 
larger but for several of our curves are not much larger than this. 
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Magnetic analysis of the reaction B 


pa) Be® at three angles verifies the existence of rather broad excited 


states of Be’ at 1.75 and 3.02 Mev, the peaks of which almost vanish at 90° where the original investigation 


showed only the well-known 2.43-Mev state 


N addition to the 2.43-Mev state of Be’ observed 

with high resolution in the reaction’ B"(d,a)Be’, 
and in inelastic scattering,? rather definite indications 
1.8, 3.1, and 4.9 Mev have been more 
recently reported* on the basis of scintillation crystal 
spectrometry in the reaction Li’(He*,p)Be’ and‘ in 
B""*(t.a) Be®. Both observations were made at 90°. The 
possible existence of the additional levels is of interest 


of levels at 


because the intermediate-coupling interpretation® re- 
quires several levels in this energy region, and is 
consistent with having the first three excited states 
rather close together 

We have 
E4g=1.51 


analyzing the alpha energies with our two-dimensional 


B" (d,a)Be® with 


reference 1, at 


observed the reaction 


Mev, as in three angles, 
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focusing magnetic spectrometer.* The procedure was 
similar to that used in the preceding paper. The reso- 
lution was poorer in this work than can ordinarily be 
obtained with this instrument because of difficulties in 
stabilizing the field. The data are shown in Figs. 1, 2, 
and 3. The ground state and 2.43-Mev state peaks 
appear prominently at all angles, and at 50° and 101° 
(lab) peaks corresponding to states at 1.75 and 3.02 
Mev also appear rather clearly. At 90° they are barely 
discernable above background. These peaks appear to 
be perhaps significantly wider than the instrumental 
width the sharper peaks, suggesting 
appreciable natural width of the states. These curves 
indicate excited states of Be® at 1.75+0.02, 2.43+0.02, 
and 3.02+9.03 Mev, in good agreement with the work 


indicated by 
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Fic. 1. Momentum analysis of B"(d,a) Be’ at 50°. The broken line indicates protons 


* Work done under the auspices of the U. S. Atomic Energy Commission 
‘Van Patter, Sperduto, Huang, Strait, and Buechner, Phys. Rev. 81, 233 (1951 


* Browne, Williamson, Craig, and Donahue, Phys. Rev. 83 


Phys. Rev. 88, 1291 (1952 
* Moak, Good, and Kunz, Phys. Rev. 96, 1363 (1954) 
*F. Ajzenberg and T. Lauritsen, Revs. Modern Phys 
‘TD. R. Inglis, Revs. Modern Phys. 27, 76 (1955 
*R. Malm and D. R. Inglis, Phys. Rev. 95, 993 
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Fic. 3. Momentum analysis of B"(d,a) Be’ at 101°. 


of Moak, Good, and Kunz.’ The apparent large natural 
width of the 1.75- and 3.02-Mev groups, and their low 
intensity, especially at 90°, explain their not having 
been seen by Van Patter ef al.' with high resolution 
which enhances sharp peaks.’ 

It has been pointed out [G. C. Phillips ef al., Bull. Am. Phys 


Soc. 30, No. 3, 55 (1955), not given in abstract] that the observed 
peak at 1.75-Mev excitation could be due to the onset of three- 


Figures 2 and 3 show a very strong peak from 
O'*(d,a)N“. The region between this and the 3.02-Mev 


body breakup. While our results do not completely contiadict 
this interpretation, we find it difficult to attribute entirely to 
calibration error the difference between our apparent onset of 
1.56 Mev in Fig. 1 and the 1.665-Mev Preven. for three-body 
breakup. A recent analysis by D. Kurath, more refined than in 
reference 5, suggests that only the first two excited states of Be’ 
lie close together, which favors the three-body interpretation 
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state peak exhibits a fluctuating background without 
enough consistency with angle to permit specific 
assignments. 

Additional groups of particles discriminated as alphas 
are observed for E,=3.21+0.03 Mev at 90° and E,= 
3.10+0.03 Mev at 101° (Figs. 2 and 3). We have been 
unable to assign these to plausible contaminations of the 
natural boron target on a thick tantalum backing. If 
assigned to B" (d,a) Be’, they correspond to states at 4.59 
and 4.41 Mev in Be*. These might correspond to the 
broad 4.9-Mev level reported in reference 3, although 
it seems unlikely that such groups would have been 
missed in the high-resolution work of reference 
1. We suggest instead that they are probably spectro- 
scopic® “ghosts” of the adjacent O'*(d,p)O" peaks. 
Such a ghost appears, for example, on the high- 
energy side of the C"(d,p)C" peak at both 90° 
and 101°. The pulses of these peaks are discrimi- 
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nated in the surplus above the alpha channels and thus 
recorded as protons, though with more careful discrimi- 
nation the ghost pulses have ordinarily been found 
between the larger pulses of the direct proton peak and 
the smaller alpha pulses, the ghost protons presumably 
having lost energy on scattering from the inner (small- 
radius) wall of the deflection chamber. Apparently in 
the energy region of the peaks in question the ghost 
pulses happen to fall just in the alpha channels, for 
they do not appear elsewhere. We have thus not 
indicated levels corresponding to these peaks in the 
energy level diagram shown in the small insert of Fig. 1, 
even as broken lines, but further investigation of the 
region above 4 Mev is surely needed. The deuteron 
scattering edge at an equivalent of about 4.6 Mev in 
Be’ prevented our observation of states at higher 
energies. 
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Chemical separation of the products resulting from photofission at various maximum bremsstrahlung 
energies Ey of U™ serve to define the 3-dimensional yield surface S(Y,A,E»). An analysis of this surface by 


the photon difference method established the 3-dimensional photofission cross section surface S(¢,A ,hy 


The 


peak-to-valley cross section ratio (asymmetric to symmetric fission) is examined in some detail and the 
results are combined with high-energy photofission data from the literature to extend our calculations and 


analysis to 300 Mev 


INTRODUCTION 


pans neg te the fission process induced by 
nuclear absorption of electromagnetic energy, has 
been the subject of a number of investigations. For a 
discussion of the earlier work in this field the review 
article by Spencer and Ford' may be consulted. The 
early work indicated that the cross section for photo- 
fission, 7,,, increased from zero at the threshold to a 
maximum value at about 14 Mev and decreased there- 
after with increasing energy. This cross-section shape is 
similar to that found for other photonuclear reactions 
and is termed the “giant’’ resonance cross section.?~* 
Recent work by Duffield and Huizenga‘ has shown that 
this giant photofission cross section in U™* has a peak 
value of about 0.18 barn and a width of 7 Mev at half- 
maximum. 


'R. W. Spencer and G. P. Ford, Ann. Rev. Nucl. Sci. 2, 400 
(1953). 

* Johns, Katz, Douglas, and Haslam, Phys. Rev. 80, 1062 
(1950). 

2B. C. Diven and G. M. Almy, Phys. Rev. 80, 407 (1950) 

‘Montalbetti, Katz, and Goldemberg, Phys. Rev. 91, 659 
(1953). 

*R. B. Daffield and J. R. Huizenga, Phys. Rev. $9, 1042 (1953) 


An examination of the photofission yield as a function 
of mass number, at a given photon energy shows it to 
have the usual double humped mass distribution. 
Schmitt and Sugarman have studied the shape of such 
mass-yield curves from natural uranium when irradiated 
with bremsstrahlung of maximum energy Ey=7, 10, 16, 
21, 48, 100, and 300 Mev. Since these curves contain 
contributions from all photons in the spectrum whose 
energy is above the photofission threshold (5.1 Mev in 
uranium)’ the direct interpretation of their curves is 
somewhat difficult. 

Richter and Coryell® have given photofission mass- 
yield curves for natural uranlum at energies Ey= 10 and 
16 Mev. Hiller and Martin’ published a similar curve for 
thorium obtained with bremsstrahlung of 69-Mev peak 
energy. 

In line with other photonuclear investigations beinz 
carried out in our laboratory we have studied the 
photofission process in natural uranium as a function of 

*R. A. Schmitt and N. Sugarman, Phys. Rev. 95, 1260 (1954). 

™ Koch, McElhinney, and Gasteiger, Phys. Rev. 77, 329 (1950). 


*H. C. Richter and C. D. Coryell, Phys. Rev. 95, 1550 (1954). 
* D. M. Hiller and D. S. Martin, Jr., Phys. Rev. 90, 581 (1953). 
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energy from threshold to 24 Mev. Sufficient measure- 
ments were taken to establish the shape of the mass- 
yield surface as a function of bremsstrahlung energy Eo. 
This surface will be designated by S(Y,4,Eo) where 
Y(£,A) represents the yield of mass number A re- 
sulting from a given irradiation with photons whose 
maximum bremsstrahlung energy is Zo. A cut through 
this surface at constant mass number A corresponds to 
the yield of this mass chain in photofission as the energy 
Ep is varied. The curve so obtained is similar to the usual 
yield curve in photonuclear reactions and may be 
analyzed by the photon difference method of Katz and 
Cameron” to yield the corresponding cross section. This 
cross section may be written (¢,;(hv))4. It has the 
“resonance” shape characteristic of photonuclear reac- 
tions and obviously must be interpreted as the cross 
section leading to the mass chain A in the photofission 
process induced by photons of energy Av. 

It is now possible, with the aid of the (¢,;(hv))a 
curves, to construct a_ three-dimensional surface 
S(¢,A,hv). A cut through this surface at constant hy 
results in a a—A curve which is readily seen to be the 
mass yield curve which would be obtained with mono- 
chromatic photons. For this reason the S(¢,A,hyv) sur- 
face is of particular interest in the study of photofission. 
The area under the o— A curve obtained by cutting this 
surface at constant energy /y is the total photofission 
cross section at that energy. It will be shown that this 
curve has the double humped shape characteristic of 
fission yield curves obtained with particle excitation. 

To within the accuracy of our measurements the 
mass chain 115 falls in the trough of the S(o,A,hyv) 
surface so that (¢,;)1:5 can be taken as representing the 
cross section for symmetric fission. The mass chain 139 
falls near the top of the higher mass peak and can be 
taken as representing the cross section for asymmetric 
fission. The ratio 


Rthv)= (os) 139 (Oye) 15 (1) 


is then of particular interest and is discussed at some 
length. 


EXPERIMENTAL PROCEDURE 


Thirteen-gram samples of urany! nitrate, enclosed in a 
cadmium container, were irradiated in the betatron 
beam 28 cm in front of the electron target from which 
the bremsstrahlung beam originated. The dose was 
monitored by a 100 “r” Victoreen chamber placed in the 
center of an 8-cm cube of Lucite and positioned 62 cm 
from the electron target. After applying corrections for 
inverse square divergence of the beam and the angular 
dependance of the intensity over the finite angle sub- 
tended by the sample at the electron target, it was 
possible to reduce each irradiation to the same dose rate. 
Irradiations used lasted 10 minutes at high energy and 2 
hr at low energy (~ 15 000 roentgens per irradiation). 

The desired nuclides were isolated for counting by 


® L. Katz and A. G. W. Cameron, Can. J. Phys. 29, 518 (1951). 


chemical methods and were deposited by filtration on 
l-inch diameter filter papers (~9 mg/cm’). The 
chemical procedures followed were those outlined in the 
Plutonium Project Report" with slight modifications 
particularly in the cadmium procedure to include a tin 
scavenging step. The filter papers containing the activity 
were mounted in holders between two plastic films about 
1 mg/cm* thick and were counted in an automatic 
counting device. This automatic counter was built to 
accommodate up to 11 samples and one standard source 
whose activity could be measured in sequence. In most 
cases decay curves were followed through several half- 
lives with a recorded count of 6000 disintegrations for 
each point on the decay curves. 

Since preliminary measurements established that the 
S(Y,A,Eo) surface as a function of Ep is reasonably 
smooth, mass yield curves were taken only at betatron 
energies of 12, 18, and 22 Mev. Yield measurements 
were carried out on 12 fission product nuclides with 
barium separated in each case so that the activity of 
Ba™ could be used as a control activity. The 3 mass- 
yield curves, coupled with measurements of the yields 
of Cd'® and Ba at ~1 Mev intervals to 24 Mev, 
served to define the S(Y,A,Eo) surface. 


COMPUTATIONS 


Usually, in fission yield analysis one is not concerned 
with the measurement of individual nuclides but rather 
with the total yield of each beta decay chain. For this 
reason computations should be based on the yield of 
stable isotopes at the end of the chains. However, 
negligable error is involved if isotopes one or two places 
removed from the stable nuclide are used. Since the 
early members of a decay chain are largely very short- 
lived, a two-stage decay equation will usually represent 
the yields with sufficient accuracy. That is, the parent of 
the nuclide being counted may be considered as a 
primary fission product and the yield Y(£»,A) of mass 
chain A in atoms per roentgen of irradiation per atom of 
U™* is given by 

A2Vo(A2—A1) 
Y (Eo,A)= 
AwdNo 


Ai 


I 
(1 ~ ¢ MIR) | P (2) 


x{ «1 =e hate)g~Mtt 


a 


where Ai, A2=the decay constants of the parent and 
daughter nuclides respectively; A,V2=activity in 
counts/min of the daughter at time of separation from 
parent (corrected for counting efficiency and corrected 
to 100 percent chemical recovery); @=x-ray intensity 
averaged over the uranium sample in roentgens per 
minute; Vo= number of uranium atoms in the sample 

"D. C. Coryell and N. Sugarman, Radiochemical Studies; The 
Fission Products (McGraw-Hill Book Company, Inc., New York, 


1951), National Nuclear Energy Series Plutonium Project Record, 
Vol. 9, Div. TV. 
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Taste I. Yield of mass chains 115 and 139 in radioactive nuclei 
per atom U™* per roentgen of irradiation. 


Vield 
4-139 


0.37X10-" 


0.36 10°" 


from which chemical separation is made; fg= duration 
of irradiation ; and t= decay time from end of irradiation 
to time of separation from the parent. 

This yield is related to the cross section for photo- 
fission by the equation 


‘ 


V (E5,A) f Pt hv Fo) (c, (hv) )adhy, 


where P(hv,E») is the number of photons of energy Av 
per roentgen of irradiation, falling per cm® of sample 
when the maximum bremsstrahlung energy is Eo, per 
Mev energy interval 

If the isotope being counted had a short-lived §- 
emitting daughter, then a correction was applied for the 
growth of this daughter subsequent to chemical 
separation 

The decay schemes for the 12 fission-product nuclides 
separated chemically for our mass-yield studies were 
taken from the Tables of Isotopes by Hollander, 
Pearlman, and Seaborg.” These tables contain the most 
recent survey of the literature and no pertinent new 
results on the 12 isotopes have appeared since their 
publication. 

Corrections for self-absorption are very small since 
the samples were all less than 8 mg/cm* thick. They 
were calculated according to the methods of Baker and 
Katz." Corrections for external absorption were applied 
under the assumption that it is exponential with the 
absorption coefficient given by Eq. (6) of reference 13. 
To obtain a backscattering correction, the data of 
Engelkemeir ef al.“ and Yaffe'® were combined. This 
gave the percent backscattering from our filter paper as 
a function of beta energy. This correction was always 


less than 10 percent. 

*® Hollander, Pearlman, and Seaborg, Revs. Modern Phys. 25, 
469 (1953) 

4“ R. G. Baker and L. Katz, Nucleonics I, No. 2, 14 (1953 

“ Engelkemeir, Seiler, Steinberg, and Winsberg, paper 9, refer 
ence 11. 

“LL. Vafle, Conference on Absolute Beta Countine, Preliminary 
Report No. 8 (National Research Council, Washington, D. C 
1950) 
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The geometric efficiency of the counting system was 
determined by our usual method of irradiating a copper 
disk in the betatron beam under standard conditions and 
counting the induced Cu® activity. Comparison of this 
to the known activity fer the sample in 47 geometry” 
then gave the geometric efficiency. Because of the size of 
the uranium sample it was necessary to apply one 
further correction. Suppose Jo(hv) is the photon in- 
tensity of energy Av ialling on the sample surface, then 
the intensity at a distance x within the sample is 


» 


a 2 
1 a ) é Pr (4) 
a+x 


where a is the distance of the sample front from the 
electron target, u(hv) is the mass absorption coeffi- 
cient of uranyl nitrate, and p is the sample density. The 
average intensity for a sample of length 3 is 


Io ° " ceil 
f ¥. (3) 
b Jo (14+2/a)' 


Since in our case a=28 cm and 6=5.5 cm, we can 
assume x/a <1 over the region of integration. This ap- 
proximation shows the dependence of J/J» on (hy) is 
primarily through the relation (1—e¢~**°)/upb. Though u 
is a strong function of Ay, the variation of T/To with 
energy is less than 2 percent over the energy range 
involved in this work. Calculation gives J=0.70/) and 
show it to be insensitive to slight variations in p from 
sample to sample. 

The total yield of fissioning nuclides at a betatron 
nucleus per 


7238 


operating energy Eo, per irradiated [ 
roentgen of irradiation is given by 


238 
Y (Eo) = f Y(Eo,A)dA. (6) 


We can now define the total photofission cross section 


by the equation 
I 


VY (£Eo)= J Pthv Eo)a,,;(hv)dhv, 


0 





Fic. 1. Yield of mass chain 115 resulting from photofission of 
U™* as indicated by the yield of the 54-hr Cd"* beta-ray activity. 
The yield is expressed in nuclei of mass 115 per irradiated U™* 
nucleus per roentgen of irradiation. 








where P(hv,E) has been already defined and ¢,,(hy) is 
the cross section for causing fission by photons of energy 
hy. Substituting Y(£,A) from Eq. (3) into (6) and 
inverting the order of integration, we find 


o,;(hv)= f (o,;(hv))4dA. 


0 


(8) 


EXPERIMENTAL RESULTS 


The measured yields of mass chains 115 and 139 
(Cd"* and Ba™) in nuclei per U** nucleus per roentgen 
of irradiation as a function of betatron operating energy 
Eo are summarized in Table I. Owing to low yield, no 
measurements were obtained below 12 Mev on mass 
chain 115 and below 8 Mev on mass chain 139. These 
results are plotted in Figs. 1 and 2 with the dashed parts 
of the curves representing a smooth extrapolation of the 
experimental data to low energy. 
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Fic. 2. Yield of mass chain 139 resulting from photofission of 


U™* as indicated by the yield of 85-min Ba™. The yield is expressed 
in nuclei of mass 139 per irradiated U** nucleus per roentgen of 
irradiation 


The results of our measurements on the yield of 12 
mass chains at betatron operating energies of 12, 18, 
and 22 Mev are summarized in Table II. These yields 
are expressed in nuclei in each mass chain per irradiated 
U™* nucleus per roentgen of irradiation. We estimate the 
values given in this table to be accurate to within +25 
percent and the relative dispersion among the values 
plotted in Figs. 1 and 2 to be considerably less, probably 
10 percent.'® The yields are plotted in Figs. 3, 4, and 5 as 
circles. It was found that in all cases reflection of 
these points about mass 117.5 resulted in a smooth 
curve. This corresponds to the emission on an average of 
3 neutrons per fission, in good agreement with the 
measurements of other workers.*:* The reflected points 
are indicated by crosses in the three figures. Few points 
were available for the 12-Mev curve because of the low 
activities of the longer-lived fission-fragment nuclides. 

* An estimate in this relative scattering in our yield measure 
ments can be obtained from an examination of Figs. 1 and 2 
There is good reason to expect that experimental points should 
be on a smooth curve, and dispersion of the points from such a 


smooth curve indicates the accuracy to which measurements 
could be repeated 
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TaBLE IT. Mass yields at constant Z in radioactive nuclei per 
atom U™* per roentgen of irradiation. 





Mass Vield 
No Ee =12 Mev Eo =18 Mev Eo 22 Mev 
77 39 hr As” 0.06 10-" 
&3 2.4 hr Br® O.15X10" 053X107" 0.61 
89 54 day Sr® 4.9 5.3 
97 17 hr Zr” 7.1 74 
99 67 hr Mo” 6.1 6.9 
103 40 day Ru 39 
105 4.5 hr Ru 1.0 2.3 2.6 
111 7.5 day Ag" 0.23 0.36 
11S a ms Soin 0.036 0.29 0.43 
138 30 min Cs** 5.9 6.9 
139 85 min Ba™ 2.4 5.6 6.3 
143 33 hr Ce $i 5.8 


This curve was drawn to have essentially the same shape 
as the 18- and 22-Mev curves. The double humped 
shape of the 18- and 22-Mev curves is quite well defined 
by the experimental points, and while no special at- 
tempt was made to measure the fine structure reported 
at masses 100 and 134°7'* the high yields of Mo” and 
Zr” may be taken to indicate that it has been detected 
in our experiments. It will also be noted that mass 111 
falls slightly below mass 115 in the 18- and 22-Mev 
curves. This is not in agreement with other photofission 
results and may be due to the difference in the absolute 
normalization of the mass 115 activation curve. 
Peak-to-valley ratio of the fission yield curves is 
obtained directly from Figs. 1 and 2. This ratio is shown 
as curve A of Fig. 6. Schmitt and Sugarman reported 
values of 200, 38, 23, and 20 for this ratio at Eo= 10, 16, 
21 and 22 Mev, respectively. These values are somewhat 
higher than those found by us at corresponding energies, 
which are 150, 25, 15, and 14. The disagreement is 
within the combined error of both sets of measurements 
and is likely due to the absolute normalization of the 
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Fic. 3. Yield of mass chains &3, 105, 115, and 139 at a betatron 
operating energy of 12 Mev. The measurements are indicated by 
the circles and reflection of these about mass 117.5 are indicated by 
crosses. The curve drawn through these points was made to 
correspond in shape to those shown in Figs. 4 and 5. 


7 Glendenin, Steinberg, Inghram, and Hess, Phys. Rev. $4, 860 
(1951) 
“*T), R. Wiles and C. D. Coryell, Phys. Rev. 96, 696 (1954). 
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Fic. 4. Yield of mass chains 83, 89, 97, 99, 105, 111, 115, 138, 
139, and 143 at a betatron operating energy of 18 Mev. The 
measurements are indicated by the circles and reflection of these 
about mass 117.5 are indicated by crosses 


mass 115 chain activation curve. The results of both 
investigations show a similar smooth variation of the 
peak-to-valley ratio with betatron operating energy. 
This is in strong disagreement with the results of 
Richter and Coryell* who obtained a value of 110 at 
E y= 16 Mev and predicted a sharp drop in this ratio 
just above 16 Mev. 

In Fig. 7 we again show the peak-to-valley yield ratio, 
this time on a log-log plot. Our measurements are repre- 
sented by the heavy line. The results of Schmitt and 
Sugarman® to 300 Mev are indicated by circles and 
those of Richter and Coryell* by crosses. The changing 
peak-to-valley ratio at high energy has been correctly 
interpreted by Schmitt and Sugarman” to indicate a 
tail on the o,, cross section. For the purpose of the 
analysis which will be carried out later our ratio has been 
extrapolated to high energy in agreement with the data 
of Schmitt and Sugarman. This extrapolation is indi- 
cated by the light solid line of Fig. 7. 

Figures 1 to 6 serve to define the whole S(Y,A,Ep) 
surface to 24 Mev. Intermediate points on the surface 
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Fic. 5. Yield of mass chains 77, 83, 89, 97, 99, 103, 105, 111, 115, 
138, 139, and 143 at a betatron operating energy of 22 Mev. The 
measurements are indicated by the circles and reflection of these 
about mass 117.5 are indicated by crosses 


* R. A. Schmitt and N. Sugarman, Phys. Rev. 89, 1155 (1953) 
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were obtained, to within experimental accuracy by 
various cross plots of these 6 figures. This procedure 
naturally smooths over any fine structure detail, but 
does give the 3-dimensional shape of the yield surface in 
its broad outline. 


ANALYSIS AND DISCUSSION OF 
EXPERIMENTAL RESULTS 


Analysis of the data in Table I by the photon differ- 
ence method” gave the photofission cross sections from 
threshold to 24 Mev leading to mass chains 115 and 139, 
that is (¢ys)115 and (¢+,)1%. These cross sections are 
shown in Figs. 8 and 9 as a function of photon energy. 
The values above 24 Mev indicated in these curves were 
calculated by another method which will be discussed 
later. 


al 

. 

S 

‘ 

to 

ls 2 

t 

‘ 
-{2 








~- 
\ 
9° 
= \ 4 
e 
7 
x» ® 
>) 
= - 
=S Ff 
> 
< - 
2 } 
« 
$ | . 
_ r . . 4 
| 
wD ! — 
$i} A. 
> = a 
§ ; 
2 
va - 
re ° : 
} 8 
= ot i 1. A . 


gy 


Fic. 6. Curve A: Ratio of mass 139 yield to mass 115 yield asa 
function of betatron operating energy (peak bremsstrahlung 
energy as shown on top scale). For comparison we have shown the 
ratio in similar measurements by Schmitt and Sugarman, reference 
6 (open circles) and reference 19 (open triangle); by Richter and 
Coryell, reference 8 (crosses) ; and by Spencer, Table III, reference 
c (black triangle). Curve B: Ratio of photofission cross sections 
leading to mass chains 139 and 115 (asymmetric to symmetric fis- 
sion) asa function of photon energy (bottom scale). Curve C: Asym- 
metric to symmetric fission yields vs energy of excitation as given by 
Hill and Wheeler, reference 21. This curve is based on the results of 
fission induced in various nuclides by energetic particles. Curve D: 
Similar to C according to Turkevich ef al., reference 22. Solid 
black circle gives ratio for thermal neutron fission of U™. 


The cross sections show the usual “resonance’’ shape 
characteristic of other photonuclear cross sections. 
(o+7)115 reaches a maximum value of 0.73 millibarn at 18 
Mev while (¢,,)139 hasa maximum value of 6.8 millibarns 
at 14 Mev. Both cross sections have a width at half- 
maximum of about 9 Mev. The shift in the peak position 
of (0,/)1:5 relative to (o,,);3 towards higher energy by 
about 4 Mev is of some interest.” 

Curve B of Fig. 6 shows the cross-section ratio 
R= (c,s):m/(¢+s)uus a8 a function of photon energy. 
This ratio is of greater physical significance than curve 
A since it gives the probability ratio of asymmetric to 
symmetric fission as a function of nuclear excitation 
energy whereas curve A is the average of this ratio over 


~ ® Fowler, Jones, and Pachler, Phys. Rev. 88, 71 (1952). 
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the bremsstrahlung spectrum. Hill and Wheeler™ and 
Turkevich ef al. have drawn curves of peak-to-valley 
ratio against excitation energy by collecting the results 
of many workers on fission induced in various nuclides 
by energetic particles. Their results are shown as curves 
C and D respectively in Fig. 6. These are in excellent 
agreement with our results. In all cases the peak-to- 
valley ratio changes from approximately 150 at 8-Mev 
excitation to about 3 at 24-Mev excitation. (In the case 
of particle induced fission the excitation energy is of 
course the incident particle energy plus its binding 
energy to the target nucleus.) 

It is of some interest to examine in greater detail the 
ratio discussed above. This examination is particularly 
meaningful since the present work gives the ratio for a 
single uranium isotope over a fairly extended energy 
range. It has been suggested” that a plot of InR against 
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Fic. 7. Black solid line : Ratio of peak-to-valley yields taken from 
curve A of Fig. 6. Circles: Ratio of peak-to-valley yields to 300 Mev 
from reference 6. Light solid line : smooth extrapolation of our data 
to high energy. Crosses: Measurements of this ratio by Richter and 
Coryell, reference 8. Dashed line: Ratio which would have been 
obtained at high energy if symmetric and asymmetric cross- 
section curves had no tail beyond 24 Mev. 


(E—)~! should yield a straight line, where R is defined 
above, £ is the nuclear excitation energy, equal to hy in 
our case, and ® is a constant, probably the photofission 
threshold. Fowler et al.” have collected the experi- 
mental ratios of many workers and using such a plot 
found a straight line to give the best fit. In Fig. 10 we 


"1D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953). 

*® Turkevich, Niday, and Tompkins, Phys. Rev. 89, 552 (1953). 

*% There is some confusion as to the exact meaning of “photo- 
fission threshold.” Energetically, since the U** nucleus will 
undergo spontaneous fission, this threshold should be less than 
zero and we should take #@=0. On the other hand, from an experi- 
mental point of view there is some energy of excitation which is 
required to give a readily detectable fission rate (say one fission 

r hour). The exact energy assigned to this “experimental” 
threshold will depend only slightly on the apparatus sensitivity. 
Thus, in the case of U™*, measurements in our laboratory show 
that an increase in the sensitivity of the apparatus for determi- 
nation of threshold by a factor of 10 lowers the “observed” 
threshold by less than 0.1 Mev. It can be argued that @ should 
correspond to this “experimental” threshold, namely 5.1 Mev. 
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Fic. 8. Cross section for symmetric fission obtained from analy- 
sis of Fig. 1 by the photon difference method. The cross section 
above 24 Mev was obtained from the analysis of the ratio of Fig. 7 
as outlined in the text. The dashed curve is obtained if the 
asymmetric cross section is assumed zero above 24 Mev. 


show plots with @=0 and 5.1 Mev, using our results 
from 12 to 24 Mev and using at lower energies the 
results obtained from neutron-induced fission in various 
isotopes of uranium. The results for neutron-induced 
fission are summarized in Table III. Our results were 
not felt to be sufficiently reliable below 12 Mev for this 
study. 

For 6=0 a straight line is obtained; however, if we 
accept = 5.1 we must conclude that there is a break in 
the curve at jv=10 Mev. If this break actually exists, 
one can suggest a number of reasons for it. First we 
notice that the break occurs at an energy where neutron 
emission followed by fission becomes energetically pos- 
sible. The process of neutron emission may perhaps 
result in a changed value of R. Secondly, whatever the 
reason, one could suggest that there are two modes of 
symmetric fission and one mode of asymmetric fission. 
In this case we could write 

(oy) 139 Rik; 
R=—_——___-—_—— = —— . (9) 
(oys)1ss' + (oys)r8” Rit Re 
where 


R= (ays) 19/ (ors) 118 and R= (057) 19/ (os) 100". 
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Fic. 9. Cross section for asymmetric fission obtained from analy- 
sis of Fig. 2 by the photon difference method. The cross section 
above 24 Mev was obtained from the analysis of the ratio of Fig. 7 
as outlined in the text. 
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Fic. 10. Plots of the logrithm of the ratio of asymmetric to 


symmetric photofission cross sections as a function of (E—#)-4, 
where F is the excitation energy and ® is a constant. Plots for two 
values of ® are shown. Black points are values taken from curve B 
of Fig. 6 at 1-Mev intervals in the energy range of 12 to 24 Mev 
and the other points are listed in Table III; A reference a of 
Table U1, B reference b, C and D reference c, and E reference d 
For @=0 the best fit straight line is drawn, and for @=5.1 Mev 


the line drawn is R,R,/(R, +R), where R; and R; are the dashed 
straight lines as shown 
The primes distinguish between the two modes of 


symmetric fission. The solid line for =5.1 represents 
the expression R,R,/(R,+R2), with R; and R, shown by 
the dashed straight lines in the diagram. To emphasize 
the agreement between our experimental data and this 
line, we have plotted points at 1-Mev intervals taken 
from the smooth curve of Fig. 6B. These procedures are 
entirely empirical and it is not clear whether any 
significance is to be attributed to the conclusions 


HIGH-ENERGY FISSION CROSS SECTION 


It is possible to calculate the photofission cross section 
leading to symmetric and asymmetric fission in the 
energy region from 24 to 300 Mev with the aid of our 
cross section curves of Figs. 8 and 9, Schmitt and 


Tasve III. Ratio of peak-to-valley cross section as a function of 
nuclear excitation for various uranium isotopes 


Compour Rat 

Me nucle peak alle Nuclear reaction Reet t 
6.50 Us 550 U™*+ thermal! neutrons a 
6.74 [™ 400 U™*+4 thermal! neutrons b 

69 ss 10 U™*+0.4-Mev neutrons ‘ 

7.7 ss 320 U4 1.2-Mev neutrons c 

7.6 U™ 200 U™42 8-Mev neutrons d 
12-24 U™ 25-2.7 U™*+he this paper 

* FE. P. Steinberg and M. S. Freedman, Paper 219, reference 11 


+ Steinberg, Seiber, Goldstein, and Dudiey, U. S. Atomic Energy Com 
mission declassified document MDDC.-1632. Jan. 6, 1948 (unpublished 
P. W. Spencer, Brookhaven National Laboratory Conference Report 
RNL-C.9, July, 1949 (unpublished). 
s. Rev. 04, 909 


Kebler, Steinberg, and Gilendenin, Phy 1984 
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Sugarman’s yield ratio as shown in Fig. 7 and the 
following analysis. According to Eq. (3) we can write the 
ratio of yields at bremsstrahlung energy Ep: 


Eo 
f P (hv, Eo) (c,;(hv)) adhv 


J 


where the subscripts ¢ and s designate the cross sections 
for asymmetric and symmetric fission. For energies 
above 24 Mev, the cross sections are not expected to be 
strong functions of energy and we can write 


“ Eo 
f Pa Anta.) Pdhy 
je P < 


R(Eo)= 2 
[ Po dhv+é 


R( Ep») = —_ 


Eo 


P (hv, Eo) (oy;(hv)) dhv 


(10) 


b 


{ Pdhy 


‘ 


“ 











Fic. 11. Cross section for symmetric fission as shown in Fig. 8 
except energy scale has been extended to 300 Mev. Calculation of 
the solid-line tail above 24 Mev is according to Eq. (11) as ex 
plained in the text. The dashed line shows the minimum symmetric 
fission cross section consistent with the data of Fig. 7. 


where ¢, and é, are the average cross sections in the 
energy range 24 to Ep. In this equation the integrals can 
be calculated from our cross sections to 24 Mev and the 
Schiff™ thin-target spectrum properly normalized." 
R( Eo) is known from the data of Schmitt and Sugarman 
as shown in Fig. 7. This leaves two unknowns, é, and 4,, 
and only one equation. However, their ratio can be 
found to a good degree of accuracy if we extrapolate the 
graph of Fig. 10 to a high energy (we used the curve 
with @=5.1). For the first calculation we chose Eo= 29 
Mev and, by making use of the average cross section so 
obtained, it was next possible to calculate the average 
cross sections in the energy range 29-35 Mev. This 
process was repeated in steps of increasing size to 300 
Mev. These cross-section curves are shown in Figs. 9 
and 11. In Fig. 9 the tail on @, is indicated by the solid 
line. It decreases slowly from 0.3 millibarn at 35 Mev 


* L. I. Schiff, Phys. Rev. 83, 252 (1951). 
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to 01 millibarn at 300 Mev. The initial portion of the 
symmetric-fission cross-section tail is shown in Fig. 8 
and the whole curve to 300 Mev is shown in Fig. 11. 
This cross section falls to approximately 0.2 millibarn at 
25 Mev then rises reaching a value at 300 Mev nearly 
equal to the low-energy peak cross section. The two 
cross sections are equal at ~50 Mev, with o, becoming 
larger at the higher energies. 

To get a lower limit to the magnitude of the large 
symmetric-fission cross-section tail, we can assume @, in 
Eq. (11) to be zero at all energies above 24 Mev and 
repeat the previous calculations. The results of such 
calculations is indicated by the dashed lines in Figs. 8 
and 11. This is the minimum 4, value consistant with 
experimental data and is not much different from our 
previous results. 

At this point we wish to emphasize one fact. The o, 
and ¢, cross sections are given as functions of the energy 
of excitation of the compound nucleus, nol the energy of 
excitation when fission occurred. These two energies are 
not necessarily equal since the compound nucleus may 
lose a considerable amount of its excitation energy by 
multiple neutron emission!.** prior to fissioning. In fact, 
the tail on the asymmetric fission curve, if it really 
exists, may simply indicate that some nuclei have be- 
come de-excited by multiple neutron emission to such an 
extent that fission really occurred at low energy. 
Similarly, the rise in the symmetric fission cross section 
curve above 25 Mev may indicate the appearance of a 
fast mode of fission which competes effectively with 
neutron emission, resulting in a larger fraction of the 
excited nuclei fissioning while still retaining a con- 
siderable portion of this energy of excitation. 


3-DIMENSIONAL SHAPE OF THE PHOTOFISSION 
CROSS-SECTION SURFACE 


Cuts at constant mass number through the 3-di- 
mensional S(Y,A,£9) surface which was constructed 
from Figs. 1 to 6, gave a number of yield curves similar 
to these shown in Figs. 1 and 2, but at different mass 
numbers. These yield curves were solved by the photon 
difference method to give a number of (¢,,;(hv))4 cross 
sections curves. Finally, these curves were combined 
with those already discussed to define the S(¢,A,hv) 
surface shown in Fig. 12. 

Logarithmic scales were used for the cross section and 
energy axes of Fig. 12 in order to give the various parts 
of the surface proper balance. Only the heavy-mass side 
of S(o,A,hv) lying within the energy range 10 to 300 
Mev is shown in this figure. The cuts through this 
surface at A=117.5 and A=139 are reproductions of 
the cross sections shown in Figs. 11 and 9 respectively. 
(Curve at mass number 139 is drawn with the high- 
energy tail.) None of the cross sections for the other 
mass numbers which were used to establish the shape of 
this surface are shown on the figure since to include 
them would have complicated the drawing. 


~ SM. Lindner and R. N. Osborne, Phys. Rev. 94, 1323 (1954). 
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Fic. 12. The S(o,A ,Av) surface. Since it is symmetric about mass 
number 117.5, only the higher mass side is shown. The cross 
sections shown in Figs. 9 and 11 are reproduced on this surface as 
curves at mass numbers 139 and 117.5 respectively. Note that the 
energy scale starts at 10 Mev on the low-energy side so that the 
A = 139 curve cuts the o—A plane at a finite value. The shape of 
this surface to 24 Mev is quite well established and above this 
energy only the A = 117.5 curve is known with any accuracy 


It must be pointed out that in the high-energy region 
only the symmetric cross section has been established 
with any degree of accuracy, the asymmetric cross 
section is known to an order of magnitude, and nothing 
is known of the high-energy photofission cross sections 
for other mass numbers.”** From these meager data we 
can, however, conclude that the high-energy photofission 
cross section is symmetric in mass at constant photon 
energy, and from the analysis by Schmitt and Sugarman 
of their data we can take this curve to have a width at 
half-maximum of ~20 mass units. 


TOTAL PHOTOFISSION CROSS SECTION 


There are two methods by which the total photofission 
cross section can be calculated: (i) The total yield at any 
betatron energy Eo can be calculated according to Eq. 
(6) and the cross section can thus be calculated from 
Eq. (7) by the photon difference method. (ii) According 
to Eq. (8), this cross section can be obtained at any 
energy hv by taking the area under the curve defined by 
a cut in the surface of Fig. 12 at that energy. 

* It was not possible to calculate the high-energy cross-section 
tails for these intermediate mass numbers from a yield curve 
extending to high energy, because the cross section so obtained is 
very sensitive to the absolute photon dose delivered to the moor 7 : 
at each energy. The calculation of ¢, and ¢, was made possible 


through the availability of the ratio of yields which are not depen 
dent on the irradiation dose 
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Fic. 13. Total fission yield curve. The 3 points represent the 
areas under the curves of Figs. 3, 4, and 5. It is found that each of 
these 3 points is 18.4 times the corresponding yields on Fig. 2 and 
this curve was drawn similar to it 


The first method was used to calculate the total 
photofission cross section in the low-energy region (to 24 
Mev), and the second method was used to estimate the 
magnitude of this cross section at high energy. 
Graphical integration of the areas under each of the 
mass-yield curves shown in Figs. 3, 4, and 5 gave three 
points on the total fission yield curve. The 3 areas are 
somewhat dependent on the precise shapes chosen for 
the peaks of the mass-yield curves, particularly the fine 
structure “hump.” Since it has been established ex- 
perimentally*® that the shape of the peaks does not vary 
appreciably with energy, all 3 curves were drawn with 
the same peak shapes to within the limitations set by 
our experimental points. Because the area under the 
trough contributes very little to the total area under 
each curve, it would appear that the total fission yield 
should be closely proportional to the yield of mass 139, 
This was found to be true and the area in each case was 
found to be 18.4 times the yield of mass chain 139. 
The total mass-yield curve is shown in Fig. 13 with 
the 3 points at 12, 18, and 22 Mev obtained by 
the graphical integration indicated by circles. Since 
this curve is identical with that for mass chain 139 
shown in Fig. 2 except for the factor 18.4, the total 
photofission cross section, ¢,;, to 24 Mev can be ob- 
tained directly from Fig. 9 by multiplying it by this 
factor. The resultant curve so obtained is shown in 
Fig. 14. It has a peak value of 125 millibarns at 14 Mev 
and an integrated cross section to 24 Mev of 1.1-Mev 
barns. The width at balf-maximum is §.8 Mev. These 
values are in good agreement with the measurements of 
Duffield and Huizenga.’ They report a peak cross 
section of 180 millibarns situated at 14 Mev and an 
integrated cross section to 20 Mev of 1.2-Mev barns. 
Above 150 Mev we can obtain the total photofission 
cross section from our values of ¢, and the estimate by 
Schmitt and Sugarman’ that it has a half-width of 21 
mass units. Above 150 Mev ¢, is quite constant ~0.65 
millibarn (see Fig. 11). We thus find ¢,, in this energy 
region to be ~7 millibarn. This is in surprisingly good 


CAMERON, 


BAILEY, AND SPINKS 

agreement with the average value of 7 millibarn found 
by Schmitt and Sugarman.* Below 150 Mev the sym- 
metric cross section decreases with decreasing energy; 
however, the asymmetric cross section probably be- 
comes more important, and as a first approximation 
we can estimate the total photofission cross section to 
remain constant. 

Levinger and Bethe”’ and more recently Gell-Mann, 
Goldberger, and Thirring** have shown that the inte- 
grated nuclear absorption cross section for photons of all 
multipolarities is given by 


4 ZN A? 
J o Ahvy=0.060 (+01 ), 
0 A ZN 


where uw is the meson threshold ~150 Mev, a, is the 
photon capture cross section, and the other symbols are 
as usually defined For U™* this equation gives an 
integrated cross section of 4.8 Mev barn. From the 


(12) 











Fic. 14. Total photofission cross section as a function of photon 
energy. This curve can be obtained from Fig. 13 by the photon 
difference method, or since Fig. 13 is similar to Fig. 2 then this 
cross section is similar to that of Fig. 9 except that each ordinate is 
18.4 times larger. 


above analysis we can estimate the integrated total 
photofission cross section to 150 Mev to be 1.2 Mev 
barns. Duffield and Huizenga measured the integrated 
(y,n) cross section in U™* to 20 Mev and find it to be 2.6 
Mev barns. The difference of 1.0 Mev barn between the 
sum of these two experimental values and 4.8 Mev 
barns may represent the high-energy tail on the (y,n) 
cross section as well as contributions from the (y,2m), 
(ynp), (y,p), etc., reactions. 

The authors would like to thank the Canadian 
National Research Council for financial assistance in the 
form of grants, and for scholarships to T.M.K. and 
A.G.W.C. They would also like to thank E. C. B. 
Pederson and H. J. King for analyzing some of the 
decay curves and Miss E. Shmyr and Miss R. Krehbiel 
for analytical assistance. 


” J. Levinger and H. A. Bethe, Phys. Rev. 78, 115 (1950). 
* Gell-Mann, Goldberger, and Thirring, Phys. Rev. 95, 1612 
1954) 
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Radiative Capture of Protons by N'‘t 
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The 277-kev resonance for the production of O* in its 7.61-Mev state was excited by proton bombardment 
of a thick TiN target. A three-crystal, scintillation spectrometer resolved gamma rays of 5.25+0.1 Mev, 
6.10+0.1 Mev, and 6.65+0.15 Mev, with relative intensities of 25+6, 100, and 40410, respectively. Direct 

a ground state transitions have a relative intensity of less than 5. The total radiative capture yield in nitrogen 
is (2.7+0.6) X10™ reaction per proton. The intensity ratio of 6.10-Mev radiation to 5.25-Mev radiation, 
measured with a single-crystal spectrometer, is 743 percent lower at 90° to the beam than at 0°. The 
asymmetry eliminates pure s-wave capture. It is concluded that the capture state has spin 5/2 and decays 





by dipole emission to the first three excited states of O". 


INTRODUCTION 


ADIATIVE capture and elastic scattering are the 

only nuclear reactions which can occur in the 
bombardment of N" by protons with less than 3.1 Mev 
of energy. Tangen' has shown radiative capture to be 
resonant at a proton energy of 277 kev over a range of 
less than 2 kev. This corresponds to an excited state 
at 7.61 Mev in O. Duncan and Perry’ obtained the 
N"*(p,7)O” excitation curve by observing the positron 
activity from the short-lived residual nucleus. They 
suggested that the 277-kev resonance is excited by 
s-wave protons, giving a spin of }* or }* to the 7.61- 
Mev level in O”. 

Johnson, Robinson, and Moak’ used a single-crystal, 
scintillation spectrometer to measure the energies of 
the gamma rays produced at the 277-kev resonance in 
the N'*(p,vy)O" reaction. The observed gamma rays 
were attributed to transitions from the capture state 
to the ground state by way of levels at 6.84 Mev, 6.19 
Mev, and 5.27 Mev. Direct decays from the 7.61-Mev 
state to the ground state were not observed. These ex- 
cited states have also been observed‘ * in the N'*(d,n)O” 
reaction. Application® of Butler’s stripping theory to 
the angular distributions of the neutrons in this reaction 
indicated that a state at about 6.8 Mev has a spin of 
4+ or }*. Assignmeats to the other states were less 
certain but included the suggestion of <5/2- for a level 
at 7.48 Mev. The position of this level was sufficiently 
uncertain that it could be identical® with the 7.61-Mev 
level in O'*. Bent ef al.’ have attributed gamma rays 
of 6.81 Mev, 6.12 Mev, and possibly 5.26 Mev, to the 
reaction N**(d,n)O". 


t Supported in part by the U. S. Atomic Energy Commission. 

'R. Tangen, Kgl. Norske Videnskab. Selskabs Skrifter No. 1 
(1946). 

2D. B. Duncan and J. E. Perry, Phys. Rev. 82, 809 (1951). 

Johnson, Robinson, and Moak, Phys. Rev. 85, 930 (1952). 

‘W. M. Gibson and D. L. Livesey, Proc. Phys. Soc. (London) 
A60, 523 (1948). 

§ Evans, Green, and Middleton, Proc 
A66, 108 (1953). 

* F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 24, 321 
(1952); Revs. Modern Phys. 27, 77 (1955). We wish to thank 
Professor Lauritsen for a preprint of the latter paper. 

7 Bent, Bonner, McCrary, and Sippel, Phys. Rev. 98, 1198(A) 
(1955). 


Phys. Soc. (London) 


The levels found in the foregoing experiments are in 
approximate correspondence with levels in the mirror 
nucleus, N'*, as located* in the N“(d,p)N" reaction. 
However, N'® shows closely spaced levels near 5.3 Mev 
and 7 Mev which, if mirrored in O", have not been 
resolved in that nucleus. 

The present experiment was an investigation of the 
absolute gamma ray and positron yields and the 
anisotropy of the gamma rays from the 277-kev reso- 
nance in the radiative capture of protons by N™. It was 
hoped that these measurements would reduce the 
possible spin and parity assignments to the 7.61-Mev 
and lower excited states in O', 


EXPERIMENTAL ARRANGEMENT 


Protons, accelerated in a 500-ky Cockcroft-Walton 
accelerator and deflected through 90° by a magnetic 
field, struck a thick target of pressed titanium nitride 
powder, isolated from the vacuum pumps by a dry ice 
and acetone cold trap. Gamma-ray detectors were 
single-crystal and three-crystal scintillation spectrom- 
eters, employing NaI(T1) crystals and RCA5819 photo- 
multiplier tubes. The three crystal spectrometer’ con- 
sisted of three crystals in a row, the center crystal 
being 2 in. long by 1} in. in diameter and the two 
side crystals being 1 in. long by 14 in. in diameter. 
Distance from target to nearest center-crystal face was 
2} in. The pulses from the center detector were analyzed 
by a 10-channel pulse-height analyzer” only when a 
triple coincidence between the three detectors occurred. 
By this means, pulses from the center detector were 
measured when a pair was produced in the center 
crystal and both annihilation quanta escaped. The 
single-crystal spectrometer consisted of the center de- 
tector of the three-crystal spectrometer and the 10- 
channel pulse-height analyzer. Limiters of Elmore’s 
design" were used with the single-crystal spectrometer 
in the study of low-energy gamma rays in the presence 
of high-energy radiation. 


*K. Malm and W. W. Buechner, Phys. Rev. 80, 771 (1950), 
* Carlson, Geer, and Nelson, Phys. Rev. 94, 1311 (1954). 

” W.C. Johnstone, Nucleonics i. No. 1, 36 (1953) 
"W.C. Elmore, Rev. Sci. Instr. 20, 963 (1949) 
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Fic. 1. (a) Yield curves of gamma rays of energy above 4.5 Mev 
for protons on thick TiN. Open circles obtained at outset of 
experiment ; solid points at conclusion of experiment. (b) Yield 
curve of positrons for protons on thick TiN target. 


GAMMA-RAY YIELDS 


The solid curves of Fig. 1 illustrate the gamma-ray 
yield resulting from the proton bombardment of thick, 
titanium nitride targets for proton energies between 
250 kev and 350 kev. Only gamma rays with energies 
in excess of 4.5 Mev were recorded in the yield curve 
measurements. The open points were taken at the 
start, and the solid points at the end, of the experiment. 
The good agreement of the two curves indicates that 
the target neither deteriorated nor accumulated any 
significant amount of surface contaminants during the 
lengthy bombardment by beams of about 100 ya. Since 
the 0" state at 7.61 Mev is less than 2 kev wide,' the 
range in proton energy over which the step in the yield 
curve occurs measures the inhomogeneity of the beam 
energy. This is estimated to be 3 kev. The absolute 
value of the proton energy was known to within +5 kev. 

The peak which appears in the gamma-ray yield 
curve at a proton energy of 340 kev is due to a resonance 
for the production of 6.13-Mev gamma rays from the 
F'*(pyary)O"* reaction which was induced in fluorine 
contamination on the beam-defining apertures. For 
protons of less than 340 kev of energy, the fluorine 
reaction is some 900 times weaker” than at resonance. 
Its contribution to the measurements of this experiment 
was negligible. 

The energy scale of the scintillation spectrometers 
was calibrated with the 6.13-Mev gamma ray from the 
F'*(p,ary)O"* reaction which supplies a point at 5.11 Mev 
and with the 2.62-Mev gamma ray from ThC” which 


* Chao, Tollestrup, Fowler, and Lauritsen, Phys. Rev. 79, 108 
(1950 
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supplies points at 2.62 Mev, 2.11 Mev, and 1.60 Mev. 
The calibration curve was linear within the accuracy of 
the measurement which was two percent at 6 Mev. 

A single-crystal, scintillation-spectrometer survey of 
the gamma rays which appeared when 290-kev protons 
struck the target gave results in good agreement with 
those of Johnson, Robinson, and Moak.’ Figure 2 shows 
the results of a three-crystal, scintillation-spectrometer 
study, at 0° to the beam, of the high-energy gamma rays 
arising from 295-kev proton bombardment of titanium 
nitride. Statistical uncertainties are given by the vertical 
lines. Three gamma rays are seen in Fig. 2. Their 
energies, which are 1.02 Mev plus the energy absorbed 
in the crystal, were measured as 5.25+0.1 Mev, 6.10 
+0.1 Mev, and 6.6540.15 Mev. These values agree 
within the experimental uncertainty with other de- 
terminations.*.’ 

In order to estimate the relative intensities of these 
gamma rays, the pulse-height distribution in Fig. 2 
must be separated into the contributions made by each 
of the gamma rays. Background contributions from 
accidental triple coincidence and true triple coincidence 
from cascade decay were found to be negligible. The 
pulse-height distribution of the pure 6.13-Mev gamma 
ray from the F'*(p,ary)O"* reaction was taken as a model 
for the pulse-height distributions of the three gamma 
rays observed above. Figure 3 shows the spectrum of 
Fig. 2 decomposed into its constituent parts. Figure 3 
also shows the measured pulse-height distribution of the 
fluorine gamma ray. The relative intensities were 
assumed to be proportional to the relative peak 
heights after correcting for pair-production cross sec- 
tion. Choosing the intensity of the 6.10-Mev gamma 
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GAMMA RAY ENERGY ABSORBED IN CRYSTAL (MEV) 


Fic. 2. Three-crystal, scintillation spectrometer analysis of 
gamma rays from N“(p,7)O" reaction for 295-kev protons on 
thick TIN. 
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ray as 100, the 5.25-Mev gamma ray has an intensity 
of 256, and the 6.65-Mev gamma ray an intensity 
of 40+ 10. 

The pulse-height distribution was also measured with 
poorer resolution but increased detection efficiency by 
moving the spectrometer closer to the target. From this 
measurement, the intensity of the direct transition from 
the capture state to the ground state is estimated to be 
less than 5 percent that of the 6.10-Mev transition. 

Comparison of the 6.10-Mev gamma-ray yield with 
that of the known” absolute yield of the fluorine gamma 
ray from a thick, calcium fluoride target at the 340- 
kev resonance, gave an absolute 6.10-Mev gamma-ray 
yield of (4.51.1) X 10-" gamma per proton for 295-kev 
protons on thick titanium nitride. By interpolating in 
the stopping power data of Warshaw" to obtain the 
stopping powers of nitrogen and titanium, and using 
the above relative intensities, the total absolute yield 
of the three N“(p,y)O gamma rays for 295-kev 
protons on thick nitrogen is (2.7+0.6)X10-" gamma 
per proton. Statistics, resolution, and uncertainties in 
the stopping powers contribute to the quoted error. 


GAMMA-RAY ANISOTROPY 


The possibility that the gamma rays might be dis- 
tributed anisotropically was investigated with a single- 
crystal scintillation spectrometer placed alternately at 
0° and 90° to the proton beam. The necessity of ac- 
quiring good statistics made it impossible to use the 
good resolution, but low efficiency, three-crystal, scintil- 
lation spectrometer. Hence the interpretation of the 
observed spectrum was complicated by the multiplicity 
of peaks produced in a single-crystal scintillation spec- 
trometer by gamma rays of pair-producing energies. 
In this case, the one-escape peak of the 5.25-Mev 
gamma ray is not obscured by any other peaks, although 
there is, of course, a background due to degraded gamma 
rays. Similarly, the two-escape peak of the 6.10-Mev 
gamma ray is well isolated from other peaks, and the 
one-escape peak of the 6.10-Mev gamma ray is only 
slightly contaminated by the lower intensity, two- 
escape peak of the 6.65-Mev gamma ray. Consequently, 
the gamma rays were observed only in the energy 
range which encompasses those peaks. 

In order to obtain an adequate yield of gamma rays 
a 100-ua proton beam and a }-in. diameter beam spot 
were used. The NalI(Tl) crystal of the scintillation 
detector was placed a distance of 23 in. from the target. 
Under these conditions an accurate measurement of 
the absolute angular distribution of the gamma rays 
could not be made. Measurements were, therefore, 
made on the difference in relative intensity of the 5.25- 
Mev and 6.10-Mev gamma rays when the angle of 
observation was changed from 0° to 90°. An isotropic 
distribution, which must follow s-wave capture and 
which might occur even for higher angular momentum 
waves, would give rise to the same ratio of intensities 


*S. D. Warshaw, Phys. Rev. 76, 1759 (1949). 
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GAMMA RAY ENERGY ABSORBED IN CRYSTAL (MEV) 


Fic. 3. Separation of high-energy spectrum of N*(p,7)O"* 
gamma rays into individual components. (a) Total curve. (b) 6.65 
Mev line. (c) 6.10-Mev line. (d) 5.25-Mev line. Points and 
statistics are shown for the fluorine measurement. 


of the 6.10-Mev gamma rays to the 5.25-Mev gamma 
rays at the two angles. Unequal ratios would mean that 
at least one of the gamma rays under study was not 
distributed with spherical symmetry. The argument is 
not altered if the gamma rays are emitted in cascade 
processes. 

Since the target was pressed onto a thin copper end- 
plate of a thin-walled brass tube and was normal to the 
beam, the emergent gamma rays did not traverse the 
same quantity of matter when viewed at 90° as when 
viewed at 0°. The difference in absorption of the 
5.25-Mev and 6.10-Mev gamma rays emerging in the 
two directions was calculated and the effect on the 
anisotropy measurement was found to be negligible. 

The 90° data were normalized to the 0° data at the 
one-escape peak of the 5.25-Mev gamma ray, so that 
any anisotropy would appear as a difference in the 
heights of both the one- and two-escape peaks of the 
6.10-Mev gamma ray as measured at the two angles. 
Figure 4 shows the results. The dotted curve represents 
the 0° data and the solid curve, the 90° data. The 
6.10-Mev gamma ray shows a definite decrease in 
intensity, relative to that of the 5.25-Mev radiation, 
as the angle of observation is altered from 0° to 90°. 
This decrease is estimated at 743 percent. 


POSITRON MEASUREMENTS 


There are certain advantages to measuring the abso- 
lute yield of the N“(p,7)O" reaction from the positron 
activity aside from the fact that it provides an inde 
pendent check on the gamma ray results. Measure- 
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GAMMA RAY ENERGY ABSORBED IN CRYSTAL (MEV) 


Fic. 4. Single-crystal spectra, at 0° and 90°, of high-energy 
gamma rays from 295-kev protons on thick TiN. Curves were 
normalized at 5.25-Mev one-escape peak. 


ments can be taken with the accelerator off, thereby 
reducing background. The detection efficiency for the 
annihilation radiation is much greater than for the high 
energy gamma rays. Finally, the positron yield is 
greater than the yield of any one gamma ray. Disad- 
vantages include the possible loss of O"* from the target, 
and uncertainties in the degree of saturation of the 
activity because of fluctuations in the beam current. 
Neither of these disadvantages affects the gamma-ray 
work. 

The positron measurements necessitated knowing the 
©" half-life. After bombarding the target for ten 
minutes with a 75-wa proton beam stable to +1 ya, 
the accelerator was turned off and a } in. thick brass 
plug was inserted next to the bombarded face of the 
target to define the volume in which annihilation occurs. 
A fraction of a second was consumed by the operations 
which preceded starting the counters. The single-crystal 
scintillation spectrometer detected the annihilation 
radiation from the positrons. Counts in the peak of the 
pulse-height distribution corresponding to annihilation 
radiation were accumulated in 25-second intervals, 
separated by 5-second periods during which the data 
were recorded and the scaler cleared. The decay was 
followed for ten minutes. Semilog plots of the data were 
fitted with straight lines based on least squares analyses. 
A half-life of 12143 seconds was obtained which agrees, 
within experimental error, with previous measure- 
ments."*"* The uncertainty in the present measure- 
ment derives almost entirely from statistics. 

The dotted curve of Fig. 1 shows the yield curve for 
the positron activity. These data represent the numbers 
of counts under the total absorption peak of the 








“ V. Perez-Mendez and H. Brown, Phys. Rev. 76, 689 (1949). 

% Sherr, Muether, and White, Phys. Rev. 75, 282 (1949). 

8G. T. Seaborg and I. Perlman, Revs. Modern Phys. 20, 585 
(1948). 
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annihilation radiation accumulated in a 260-second 
interval following a ten minute bombardment of the 
target at each energy. The positron yield exhibits a 
sharp step at the same incident energy as the gamma 
ray yield. The rise above the resonance, which was also 
reported by Tangen,' may be due to the fact that less 
O* escapes from the target as the bombarding energy 
is raised since the reaction occurs deeper in the target 
material. 

In order to determine the absolute yield of positrons, 
the efficiency of the spectrometer for detecting annihila- 
tion radiation from the target was measured. The 
method has been previously described.'’ In this case, 
a Na™ positron source was painted in a } in. diameter 
spot on a 2 mm thick, 1 cm? anthracene crystal, which 
was mounted on an RCA5819 photomultiplier tube. 
The geometry was arranged to duplicate that of the 
N"“(p,y)O" experiment. Coincidences were counted 
between the positrons, as detected in the anthracene, 
and their annihilation radiation, as detected in a 
NalI(Tl) crystal. Only those pulses corresponding to 
the total absorption of the annihilation radiation were 
used to measure the desired efficiency. The Na® posi- 
trons are in coincidence® with a 1.28-Mev gamma ray 
from the daughter nucleus as well as with their own 
annihilation radiation. Since the 1.28-Mev gamma ray 
produced only a small, roughly constant background 
over the width of the annihilation radiation total ab- 
sorption peak, corrections for it were easily made. 

Positrons resulting from a 10-minute bombardment 
by a 295-kev 3.5-ua proton beam, stable to +0.2 ya, 
were counted with the scintillation detector of known 
efficiency for annihilation radiation. Correcting for the 
stopping power of the titanium in the target in the 
same way as in the high energy gamma ray work, an 
absolute yield was obtained for a thick nitrogen target 
of (2.2+0.4)X10~-" positron per proton. The fact that 
this value is lower than the value obtained from the 
gamma ray measurement may be due, at least partly, 
to the loss of O'* from the target during the bombard- 
ment. Tests made with beams up to 75 wa showed that 
the apparent yield decreased 10 percent at the highest 
beam strength. On this basis, the gamma-ray yield 
data are believed to be more reliable. These results are 
to be compared with the absolute yield of (3.5+0.4) 
X10-" positron per proton reported by Duncan and 
Perry. 

YIELDS BELOW RESONANCE 


The significance of N“(p,y)O" reaction in stellar 
processes has been discussed by Salpeter.’* Attempts 
were therefore made to measure the absolute yield for 
255-kev protons by observing both the positron activity 
and the high energy gamma rays. The single-crystal 
spectrometer pulse-height distribution in the region 
corresponding to high energy gamma rays was meas- 


” S. Bashkin and R. R. Carlson, Phys. Rev. 97, 1245 (1955). 
 E. E. Salpeter, Ann. Rev. Nuc. Sci. 2, 41 (1953). 
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ured. The yield of high-energy gamma rays below reso- 
nance is less than 2 percent of the resonant yield. No 
positron activity was observed after 10-minute bom- 
bardment but the possible loss of O'* from the target 
makes an estimate of an upper limit unreliable. 


DISCUSSION 


The similar yield curves for the positrons and gamma 
rays and the measured half-life clearly identify the 
high energy gamma rays as originating in O'*. Spin and 
parity assignments to the capture and lower levels of 
O" can be made on the basis of the present results 
together with previous work. An energy level diagram 
of the O"* nucleus is shown in Fig. 5. The three high- 
energy gamma rays observed in this experiment are 
indicated as proceeding from excited states in O” at 
the corresponding energies. These excited states are 
taken to be the same states as seen in the N“(d,n)O” 
work.* The spin of the 6.65-Mev state is thereby limited 
to 4+ or }*. The ground-state spin of O'* is assumed to 
be 4, like that of the ground state* of the mirror 
nucleus, N™. 

The thick target yield, Y, of this reaction is related 
to the radiative width, I'y, of the narrow, well-isolated 
capture level, by the relation, 

Y = (29°X?/e)wl'y, 

where 27 is the deBroglie wavelength of the proton at 
resonance, ¢ is the energy loss per atom per cm? for 
protons in nitrogen, and w is a statistical weight factor 
equal to (2/+1)/6, J being the spin of the capture 
level. The proton width of the capture level is assumed 
to be much greater than the radiative width. On the 
basis of Fig. 5, the total absolute yield of the high- 
energy gamma rays is the radiative capture yield of 
the reaction. The present measurements result in 


wl’ y=0.013+0.003 ev 


for the level at 7.61 Mev in O'. This agrees with 
previous work.’® 

The capture level could have spins }* or }* if formed 
by s-wave proton capture; }~, }-, or 5/2> from p-wave 
capture; or $+, §*, 5/2*, or 7/2* from d-wave capture. 
Higher angular-momentum capture is unlikely. The 
absence of 7.6-Mev radiation rules out spins } and § as 
these would permit dipole transitions to the ground 
state. Such transitions would be much more intense 
than the observed low-energy transitions. Pure s-wave 
capture is also ruled out by the anisotropy observed. 
Since transitions to the level at 6.65 Mev make up a 
minimum of 25 percent of the radiative decays of the 
capture level, the partial width for this transition, 
regardless of the capture-state spin, must be at least 


+ 


1 Woodbury, Hall, and Fowler, Phys. Rev. 75, 1462(A) (1949). 
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Fic. 5. Energy level diagram for O"* for 7.61-Mev 
and lower states. 


0.002 ev. Weisskopf’s radiation lifetime formulas” show 
that this value is much too large a radiative width for 
anything but a dipole transition. Consequently, the 
6.65-Mev level is limited to spin }* and the 7.61-Mev 
level is limited to spins 5/2* or 5/2-. If one identifies 
the 7.61-Mev level with that seen at 7.48 Mev in the 
N“(d,n)O” experiment,’ there is a suggestion of odd 
parity for the 7.61-Mev level. 

Detailed consideration, using the Weisskopf radiation 
lifetime formulas, shows that only dipole transitions 
occur from the capture state to the three lowest excited 
states, and that there are very few transitions between 
those states. The experimental partial radiative widths 
for decay of the capture state to the states at 6.65 Mev, 
6.10 Mev, and 5.25 Mev are, to within 25 percent, 
0.003 ev, 0.008 ev, and 0.002 ev, respectively. Figure 5 
lists all possible spin values for these states which are 
consistent with the present work. There is a suggestion 
from the N“(d,n)O" experiment’ that the 6.10-Mev 
level has odd parity and the 5.25-Mev level has even 
parity. 

It should be noted, finally, that the discovery of 
multiplicity in any of the first three excited states of O" 
would not effect the conclusions above but would simply 
mean that one or more of the levels in the multiplet 
had the spins indicated in Fig. 5. 

We would like to thank Professor J. A. Jacobs for 
his helpful discussions of this experiment. Mr. R. C. 
Grimm skillfully constructed the target chambers. 


"VF. Weisskopf, Phys. Rev. 83, 1073 (1951). 





VOLUME 


PHYSICAL REI 


99, 


NUMBER 1 JULY 1, 1985 


Gamma-Ray Yields from Coulomb Excitation 
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The yields of y rays resulting from Coulomb excitation have been measured for the elements Ta, Au, Pt, 


Tl, Pb, Th, W, Hf, Ag, Pd, Rh, and Mo. The yields of the 137-, 166-, 
rays in Au were studied as a function of proton energy. No significant deviation 
of Alder and Winther was observed. Reduced transition 
for E2 and M1 transitions have been obtained from the y-ray yields. In four cases these values 
tained from direct half-life measurements. The good agreement indicates that 
te cross section for Coulomb excitation is correctly given by the theory. Nuclear distortions 
lities are compared to those obtained from the observed exci- 
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1. INTRODUCTION 


HE results of a number of investigations have 

shown that the Coulomb excitation mechanism is 
a useful tool for the study of low-lying nuclear states. 
We wish to report measurements of the yields of y rays 
when some heavy and intermediate weight nuclei are 
excited by proton and a-particle bombardment. The 


yields of the 7 rays excited in tantalum and gold have 


been measured for different incident proton energies to 
compare the observed variation to that given by the 
semiclassical theory of the process.'** An interpretation 
of the 7 rays observed to be excited in the various target 
materials is given in which locations of excited states 
and reduced transition probabilities are obtained. In 
some instances these quantities are compared to the 
predictions of the shell model and the collective model.” 


2. APPARATUS 


Protons and singly ionized a@ particles of variable 


energy were obtained from the 5.5-million volt ORNL 
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and 303-kev + rays in Ta and the 


electrostatic generator. A lead shield protected the 
experimental! area from background y rays associated 
with the generator and magnetic analyzer system. 

In most cases targets were mounted on the target 
support at 45° with respect to the incident ion beam. 
The target support was a stainless steel tube with 
(.005-inch wall thickness. By placing the detector at 
230° with respect to the incident ion beam, i.e., so as 
to face the bombarded surface of the target, the y rays 
excited by the ion beam could reach the detector with- 
out suffering appreciable attenuation from the traversal 
of intervening material. 

It has been found that in many cases the angular 
distribution of the emitted y rays is quite anisotropic so 
that considerable error is introduced in the deter- 
mination of cross sections if this is not taken into 
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Fic. 1. Pulse-height spectra observed for proton bombard 
ment of bismuth, thorium, and tin targets. 
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y-RAY YIELDS FROM 
account. The angular distributions are of the type 
AoPot-AzP2t+AgP, (the P, are Legendre polynomials) 
where Ao, A2>A,. By placing the detector at 230° 
where P,; almost vanishes one measures the coefficient 
A» which gives the cross section for the reaction. 

The troublesome x-rays produced by proton bom- 
bardment were attenuated by placing a series of thin 
shields in front of the detector. For example, when 
bombarding a thallium target, a shield of 10 mils Ta, 
30 mils Sn, and 5 mils Cu was used. Shields were 
chosen to attenuate the K x-rays by factors of 200 to 
1000. No x-ray attenuation was necessary when bom- 
barding targets with a particles. 

The y-ray detector was a thallium activated Nal 
crystal, 14 inches in diameter and 1 inch long, mounted 
on a DuMont type 6292 photomultiplier tube. Pulse- 
height spectra were measured with either a single- 
channel or 20-channel analyzer." Pulse heights were 
converted to y-ray energies by measuring the spectra 
of a series of radioactive sources which emit y rays of 
well-established energies. It was found that the DuMont 
tube exhibited small! shifts in pulse height for sources 
of different strength and for this reason we have 
assigned somewhat larger errors to the y-ray energies 
than would otherwise have been the case. 

The number of emitted y rays per microcoulomb of 
incident particles was deduced from the pulse-height 
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Fic. 2. Pulse-height spectra observed for proton bombard 
ment of tin and zirconium targets 
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Pulse-height spectrum for proton 
bombardment of tantalum 


spectrum using the expression 


N(Eo) 1 ae 1 
x (1) 


ed Ane ce , <a 


n( Eo) AE « R, 1, 


where .V(4o) 
coulomb at the peak of the full-energy peak; n(£») 
=1/(@,n') and @, is the half-width of the full-energy 
peak at 1/e amplitude; AE=window width of the 
pulse-height analyzer ; e= detection efficiency ; R, = ratio 
of the area of the full-energy peak to the total area of 
the pulse-height spectrum for the y ray; and A, is the 
correction for absorption of the y ray by material 
between the source and crystal. 

Coincidence measurements were carried out for the 
thallium and gold spectra. The fast-slow coincidence 
circuit which was used has previously been described.” 


the counting rate in counts per micro- 


3. GAMMA-RAY SPECTRA 
A. Bremsstrahlung Gamma-Rays 


The y rays of discrete energy resulting from excitation 
of nuclear states are superimposed on a continuum of 


 ®F. K. McGowan, Phys. Rev. 93, 163 (1954). 
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| ° . 
yam 1 \ Figures 3 to 12 show spectra observed when thick 
5 og targets of Ta, Au, Pt, Tl, W, Ag, Pd, and Rh were 
ed, bombarded by protons. Each spectrum was analyzed 
ae a by first subtracting out the bremsstrahlung continuum. 
‘, I 550 kev Then, beginning with the ¥ ray of highest energy, the 
i \ y~ Ray spectrum was resolved into spectra for individual y rays. 
§ 10 vA | This process sometimes required a certain amount of 
3 \ MD } trial and error. The shapes of pulse-height spectra for 
> 5 / \ individual gamma-rays of various energies were ob- 
c " \ | tained by measuring y rays from radioactive sources. 
3 & Th | The pulse-height spectrum for thallium (Fig. 6) also 
y 2 eneueetamess ‘|. { shows the results of coincidence measurements. The 
re 12°” THICK TARGET n. = 4 window of one detector was set on the peak at 410 kev. 
= 10 \‘\ rhe coincidence rate as a function of the window posi- 
.* tion of the other detector is shown. 
° | au!®? THICK TARGET , | 4. GAMMA-RAY YIELDS 
&, = 4.0 MEV 
6s s6D ta, Get The y rays we have observed when the indicated 
2) n=5.0 0m, 0= 230 deq target materials were bombarded by protons and a 
GRADED SHIELD 0.010-ia. Te + particles are listed in Table I. Columns 3, 4, and 6 list, 
to. 9.9301 Sr #909500 Cy respectively, the bombarding particle, its incident 
0 0 200 300 400 500 600 700 i y & P , 
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Fic. 4. Pulse-height spectrum for proton 
bombardment of gold 


bremsstrahlung y rays produced by deflections of the 
bombarding particles.* In practice it is found that the 
existence of this continuum is the principal limitation 
to the determination of small cross sections. 

There are a few target materials which allow a con- 
venient study of the continuum because of the absence 
of discrete y rays. Figures 1 and 2 show spectra obtained 
by proton bombardment of thick bismuth, thorium, 
tin, and zirconium targets. Bismuth spectra are shown 
for incident proton energies of 2.0, 3.0, 4.0, and 5.0 Mev 
and tin spectra for 2.0, 2.5, and 3.0 Mev to indicate the 
change with proton energy. 

From the practical point of view the most important 
information concerning the continuum is how it changes 
with the Z of the target material since one wants to 
evaluate and subtract it out for those targets in which 
Coulomb excitation is observed. The thorium (Z= 90) 
spectrum, taken at 4.0 Mev, is seen to differ very little 
from the bismuth (Z=83) spectrum for 4.0 Mev. 
Similarly, the zirconium (Z=40) spectrum, taken at 
2.5 Mev, differs very little from the tin (Z=50) spec- 
trum. In fact, the spectra for tin and bismuth (E, 
= 2.0 Mev) have nearly the same shape and differ in 
intensity by less than a factor of two. It is concluded 
that proton bremsstrahlung is rather insensitive to the 
target Z. For target materials with Z>72, we have 
used the bismuth spectrum to subtract out the con- 
tinuum and for targets of intermediate Z (42 <Z<47) 
we have used the tin and zirconium spectra. 





*C. Zupancic and T. Huus, Phys. Rev. 94, 205 (1954) 


energy, and the observed yield in number of y rays per 
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Fic. 5. Pulse-height spectrum for proton 
bombardment of platinum. 
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microcoulomb. The bombarding a particles were singly 
ionized so that for both protons and a particles there 
were 6.2510" incident particles per microcoulomb. 
It is judged that yields have an absolute accuracy of 
10 to 20 percent and that relative yields for a given 
ray have an accuracy of 5 percent. For those cases in 
which the errors are larger, the errors are given with 
the value of the yield. 

Measurements of the change in the yields with proton 
energy were carried out for the 137-, 166-, and 303-kev 
y rays in Ta’*' using both thick and thin targets, and 
for the (277+ 273) and 550 kev y rays in Au” using 
a thin target. The thin targets were prepared by 
mounting thin foils (Ta, 10.0 mg/cm* and Au, 10.5 
mg/cm?) on bismuth backings.*® The bismuth backings 
were prepared by the electrodeposition of a bismuth 
layer approximately 100 mg/cm? thickness onto 5-mil 
nickel. The thin targets were mounted perpendicular to 
the incident beam and the detector was located in the 
forward direction. The yields from the thick and thin 
tantalum targets and the thin gold target are listed in 
Tables II, III, and IV, respectively. 


5. INTERPRETATION AND DISCUSSION 


The following formula, taken from the paper of 
Alder and Winther,” is used for the cross section for 


Fic. 6. Pulse-height spectrum for proton 
bombardment of thallium. 


** With the arrangement in which the bismuth backing is 
directly behind the thin foil, the question might arise as to 
whether Rutherford scattering of the protons in the backing 
would introduce an error because some of the protons have a 
double traversal of the foil. An estimate of the magnitude of this 
effect shows that it is negligible 
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Fic. 7. Pulse-height spectrum for proton 
bombardment of wolfram 
electric quadropole excitation: 
29? m*s 7 
o( £2) B(E2)ge2(), (2) 
25Z7e*h* 
where 
Z2¢71 1 
é ——|. (3) 
holt 2%. 


Z,e and Z¢ are the charges of the impinging projectile 
and the nucleus, respectively; »; and v, are the initial 
and final relative velocities and m is the reduced mass. 
B(E2) is the reduced transition probability for excita- 
tion by £2 radiation (see Bohr and Mottelson).” The 
function ggo(t) has been evaluated by Alder 
Winther using numerical integration. 

The B(£2) for decay is obtained from the B(£2) for 
excitation by multiplication by the factor 2/9+1/2/+1 
where J, and J are the spins of the ground state and 
excited state.” To avoid confusion the two B(£2) will 
be written as B(£2),, and B(£2),. In some cases for the 
odd-A nuclei the excited state may decay by M1 radia- 
tion. From the mixing ratio, E2/M1, one can then also 
obtain B(M1) 4. The values given for B(2) and B(M1) 
are actually those for the quantities B(E2)/e and 
B(M1)/(eh/2mce)*. 

It is of interest to compare the observed values of 
B(E2) and B(M1) to those expected for transitions 
between states of the independent particle model. 


and 
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bombardment of silver 

Using the estimate given by Blatt and Weisskopf** one 
has that B(M1),, is approximately unity and that 
B(E2),, is given approximately by (1/41) |3/5R,|*. We 
have taken Ry equal to 1.44K10~"A"? cm. 

To compare thick target y-ray yields with theory it is 
necessary to integrate the theoretical cross section. One 
must the over the foil 
thickness for thin targets if they are only moderately 
thin since the cross section may vary rapidly with 


also integrate cross section 


energy. The yield, /, of a given y ray is related to the 
cross sections for excitation by the expression 


1 B ¢(E)dE 
/ cons Is Kf . 4) 
1 Tay f (dE lpx | 


apx 
where ar is the total internal conversion coefficient for 
the transition in question, o,(2) is the cross section for 
the excitation of state 1, K, is the fraction of the decays 
of state i which give rise to the transition in question, 
and dE/dpx, E, and E, are the rate of energy loss and 
the average initial and final energies of the particles 
causing the excitation 

rhe information on rate of energy loss for the inter- 
mediate and heavy weight elements for the energies of 
interest is rather limited. Allison and Warshaw?’ have 
recently reviewed this subject for energies up to 2.0 
Mev 


* J. M. Blatt and V. F. Weiskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952 


SK. Allison and S. D. Warshaw, Revs. Modern Phys. 25, 779 
(1953) 
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We have taken the values recommended by Allison 
and Warshaw for dE/dpx for gold for proton energies 
up to 2.0 Mev. The dE/dpx curve for gold was extended 
to higher energies using the results of Blaser ef al.** and 
the shape of the dE/dpx curve for lead which was cal- 
culated by Aron ef al. The values of dE/dpx for ele- 
ments near to gold in Z were calculated using the gold 
curve and the assumption that dE/dpx in units of 
kev/mg/cm? varies as Z~?. Curves of dE/dpx were 
also constructed for a particles in gold for energies up 
to 5.0 Mev and for protons in silver for energies up to 
5.0 Mev using information obtained by the Chicago and 
Copenhagen groups (see Allison and Warshaw) and 
Blaser ef al.2* These curves were used to obtain stopping 
powers of other elements on the assumption that 
dE/dpx varies as Z~"? 
Z™ 
Total internal conversion coefficients (denoted by ar) 
must be known to relate cross sections to observed 
y-ray yields. Calculations of K-shell conversion coef- 
ficients by Rose ef al.** were used for y rays of 150 kev 
or higher energy. A previously discussed procedure was 
used to deduce theoretical values of K-shell internal 
conversion coefficients for y rays with energies less than 
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bombardment of silver 


** Blaser, Boehm 
3 (1951) 

* Aron, Hoffman, and Williams, U. S. Atomic Energy Commis 
sion Report AECU-663, 1951 (unpublished) 

* We will send to those who are interested the values we have 


taken for dE/dpx for protons and a particles in gold and for protons 
in silver 


, Marmier, and Peaslee, Helv. Phys. Acta 24, 


* Rose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 83, 79 
(1951 
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150 kev.” It was sometimes necessary to use empirical 
curves of K/L to obtain ar. 

Tables V and VI contain a summary of our inter- 
pretation of the y-ray yields listed in the previous tables. 


The quantity 
,: g(t) E'dE 
dE/dpx 


is given in kevyX mg/cm’. E’=k*LE—AE/k] where k is 
m/m+-M, E is the exciting particle energy in the 
laboratory system and AE is the energy of the excited 
state above the ground state. From the knowledge of the 
B(E2),z, the spins of the initial and final states and the 
fraction of the time the excited state decays back to 
the ground state by the emission of an £2 y ray, it is 
possible to predict the lifetime of the state. These 
values are listed in Table VI in the column headed 7). 
The B(M1)4 which are listed in Table VI are obtained 
from the knowledge of B(E2),,, the E2/M1 value, and 
the spins of the initial and final states. 


A. Tantalum 


In agreement with others,'**:*8 we observe three 
y rays with energies of 137, 166, and 303 kev. These are 
interpreted to be the result of the decay of excited 
states at 137 and 303 kev. Huus and Zupancic' pointed 
out that the strong excitation indicates collective 
motion and that the ratios of the energies of the excited 
states suggest a rotational interpretation. 

From the y-ray yields for thick and thin targets listed 


Fic. 10. Pulse-height spectrum for proton 


bombardment of palladium. 


=F. K. McGowan, Phys. Rev. 85, 151 (1952) 
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bombardment of rhodium. 


in Tables If and III,® the value for the ratio of the 
number of 166- to 303-kev y rays is found to be 1.74 
+0.10; a value which is in good agreement with those 
found by Goldburg and Williamson"™ and by Eisinger, 
et al.* The value for ar for the 166-kev y ray is based 
on the E2/M1 ratio deduced from angular distribution 
measurements.™ Using the values ar listed in Table V, 
the ratio cascades/crossovers for the 303-kev state is 
3.37. 

By the use of formulas (2) and (4), the B(£2),, for 
the 137- and 303-kev states are obtained for thin and 
thick targets and these are listed for the different 
incident proton energies in Tables II and III. The 
constancy of the quantities B(F2),, is the measure of 
how well the theory predicts the relative cross section 
provided allowances are made for experimental] uncer 
tainties. As previously stated, the relative y-ray yields 
are believed to be accurate to 5 percent except for the 
the lowest proton energies where larger errors have been 
assigned. Uncertainties in the values taken for ar will 
give no error to the relative values of B(£2),, for the 
303-kev state and will be rather unimportant for the 
137-kev state where the relative B(£2),, do depend on 
ar because the state is fed by decay of the 303-kev 
state. It is estimated that the shape of the curve 


* Since the thin target yields were observed in the forward 
direction a correction was applied to the values listed in Table II 
to take into account the angular distribution of the 7 rays. An 
almost negligible correction was also applied to the thick target 
yields, which, in this case, were measured at 45°. 

“F. K. McGowan and P. H. Stelson, following paper [Phys 
Rev. 99, 127 (1955) ] 
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Fic. 12. Pulse-height spectrum for proton 
bombardment of rhodium. 


dE/dpx vs Ep might be in error by 10 percent. Con- 
sequently, when the target is thick or only moderately 
thin, a variation in B(E2),, of as much as 10 percent 
could result from this uncertainty. It is judged that, 
except for the lowest proton energies, the total spread 
in the relative values of B(E2),, caused by experimental! 
errors (including the uncertainty in dE/dpx) is not 
more than 15 percent. 

An inspection of the values of B(E2),, indicates no 
significant variation. We therefore conclude that to 
within the accuracy of the experiment the relative 
cross section is correctly given by the theory. If the 
originally proposed expression'* for the variable, £, 
[vis., (AE/2E)(Z,Z.e/hv)] were used instead of the 
expression given by (3), the variation in the B(E2),, 
for the 303-kev state as one proceeds from low to high 
proton energies would amount to 35 percent. Since this 
is outside of the experimental errors, it is concluded 
that the experiment favors the expression for £ given 
in formula (3). Goldburg and Williamson" also reached 
this conclusion. 

Our best values of B(£2),. for the 137- and 303-kev 
transitions are (2.50+0.25)x10~-* cm‘ and (0.624 
+0.06) X 10-* cm‘, respectively. These values are based 
on the yield from the thin target at the higher proton 
energies since for these cases the target is sufficiently 
thin that little error results from the uncertainty in the 
absolute value of dE/dpx. The ratio of B(E£2),, for 
the 137-kev state to the B(£2),, for the 303-kev state 
is found to be 4.02+0.20. The value of 3.89 is predicted 


K. McGOWAN 





for the rotational states of the strong coupling limit 
of the collective model. 

By the use of the values of cascades/crossovers for 
the decay of the 303-kev state, the E2/M1 values for 


Tasie I. Gamma rays observed when listed elements were 
bombarded by protons and/or a particles. The column headed E 
gives the incident particle ene in Mev. The bombarding a 
particles were singly ionized 90 that for both protons and a par- 
ticles there were man 10” incident ema per microcoulomb. 











Bom- 
bard- Yield of 
Target Gamma-ray ing Type gamma rays 
material energy par- E ot per 
(metallic) ) Ey (kev) ticle Mev target microcoulomb 
Thorium 5343 a 4.0 thick 
7600410 » 5.0 thick 3.3210‘ 
Lead 570+ 10 p 45 thick 2.96 10° 
810+10 >» 4.5 thick 4.0310 
Ph™* « 810210 »p 5.0 thick 4.92 10 
Thallium 20543 p 4.0 thick 7.7210‘ 
a 40 thick 2.60K10 
27943 p 40 thick 3.90 10* 
a 4.0 thick 4.25K10 
410+5 p 40 thick 1.5010 
Gold 19143 p 40 thick 5.42 104 
a 40 thick 744K 10 
273° p 4.0 thick 6.13K 10 
p thin See Table IV 
27743 p thin See Table IV 
p 4.0 thick 2.86 10 
a 40 thick 3.50K 1 
550+5 p thin See Table IV 
p 4.0 thick 1.16 10° 
Platinum 10043 a 40 thick 
130+3 a 40 thick 
21043 p 5.0 thick 3.57108 
240+3 p 3.0, 4.0, 
5.0 thick 1.67 10*° 
33045 p 25to50 thick 1.35X10** 
35845 p 2.5to 5.0 thick 6.38 105° 
40345 p 2.5to 5.0 thick 1.89X10'° 
Wolfram 1124 p 4.0 thick 2.87 10* 
2.35X 108 
295+5 p 40 thick 1.08 10* 
Tantalum 137+2 p thin See Table III 
p thick See Table I 
a 4.0 thick 2.05105 
16743 p thin See Table III 
p thick See Table IT 
a 4.0 thick 
30343 p thin See Table ITI 
p thick See Table II 
Hafnium 90+3 p 4.0 thick 1.74 10° 
11243 p 40 thick 5.33X 10° 
2484-3 p 4.0 thick 1.19 10° 
Silver 104+3 p 2.1to2.9 thick 1.3410‘ 
32545 p 2.1to 2.9 thick 3.45X105* 
42745 p 2.1t02.9 thick 2.89 105* 
Palladium 38045 ~ 21t02.9 thick 1.32K10°* 
445+5 p 2.1 to 2.9 thick 2.29K10'° 
$20+7 p 2.1to2.9 thick 1.14K10°* 
575+10 p 2.1to 2.9 thick 2.55X10** 
Thodium 6543 p 2.1 to 2.9 thick 2.76 10** 
30545 p 2.1to 2.9 thick 4. 18X 10° 
36525 p 2.1t0o2.9 thick 444 10** 
Molybdenum 21243 P 2102.9 thick 2.2610‘ 
540+7 p’ 21t03.0 thick 5.55X10' 
770210 =p 24to3.0 thick 2.56K10'' 


. Tome made of radiogenic lead enriched to 88 percent Pb™ 
» Existence of this gamma ray was established from coincidence meas- 
urements. 
* Vield for 5.0-Mew protons 
4 Observed width too large for a single gamma ray 
see reference 6) } 
* Vield for 2.9-Mev protons. 
' Vield for 3.0-Mev protons. 


(see McClelland ef al. 
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the 166- and 137-kev transitions and the B(E2),. for 
the 137- and 303-kev transitions one can calculate 
other reduced transition probabilities. The B(£2)4 and 
B(M1)q4 for the 166-kev transition are calculated to 
be 3.05 10~** cm‘ and 0.226, respectively. B(M1)¢ for 
the 137-kev transition is 0.105. 

Bohr and Mottelson” have given formulas which, for 
transitions between rotational states, relate B(E2) to 
the intrinsic quadrupole moment, Qo. Similarly, the 
B(M1) is related to the quantity (gg—ger)* where go 
and gp are the g-factors of the intrinsic and collective 
motions, respectively. 

From the experimental! values of B(E2) we calculate 
the values of Qo as 7.70, 7.59, and 9.46 barns for the 
137-, 303- and (least accurately known) 166-kev transi- 
tions. The close agreement of the values of Qo is evidence 
that the formulas correctly predict the relative transi- 
tion probabilities. 


TaBLe II. Thick target yields of gamma rays of tantalum and 
values for B(E2),.. The columns headed Ij37, lies, and Isos give 
the yields in number of gamma rays per microcoulomb of protons. 
The B(E2),, are given in units of cm‘ 


B(E2 ex B(E2)ex 
E» 137-kev 303-kev 
(Mev) list lies Iy03 state state 
2.00 1.54 X 108 0.527 K10" 0.284 X10" 245K10°" 0.711 x10" 
2.10 1.98 0.782 0421 2.51 0.683 
2.20 2.50 1.10 0.591 2.57 0.653 
2.30 2.92 1.52 0.819 2.46 0.640 
2.40 3.68 2.14 1.15 2.58 0.662 
2.50 4.22 2.76 1.49 2.51 0.643 
2.60 5.08 3.64 1.96 2.58 0.660 
2.70 6.00 4.48 241 2.63 0.639 
2.80 6.83 5.64 3.04 2.60 0.643 
2.90 7.95 7.21 3.88 2.65 0.669 
3.00 8.60 8.26 4.45 2.54 0.633 
3.20 11.2 11.6 641 2.64 0.630 
3.40 13.9 15.3 8.48 2.67 0.610 
3.60 16.5 19.8 10.9 2.62 0.598 
3.80 20.5 25.7 14.2 2.72 0.605 
4.00 23.2 30.3 16.8 2.62 0.574 
4.20 27.9 40.1 22.1 2.68 0.616 
440 32.7 46.1 25.4 2.72 0.586 
460 37.6 52.9 29.2 2.73 0.564 
430 434 63.0 34.8 2.84 0.872 


TasBLe III. Thin target yields of gamma rays of tantalum and 
values for B(E2),.. The columns headed I)37, Iies, and Ios give 
the yields in number of gamma rays per microcoulomb of protons. 
The B(E2),. are given in units of cm‘. 


B(E2)e Bi E2)e 
E> 137-kev 303-kev 
Mev) list lies Ioes state state 
143 244x106 0.60 X10°* 2.75 K10°* 0.697 x1i0-“ 
1.60 4.28 3.62 X10?» 2.39 0.859 
1.80 7.70 2.53 X10" 11.3K1@*« 241 0.688 
200 118 5.34 28.9 242 0.661 
2.20 160 11.0 57.2 244 0.663 
2.40 20.0 7.7 100 2.40 0.637 
2.60 24.7 26.2 148 2.45 0.622 
2.80 30.2 38.2 21i 2.53 0.622 
300 W2 48.5 280 2.52 0.625 
3.20 37.5 59.7 41 2.46 6.622 
340 43.3 76.5 40s 2.61 0.614 
3.60 47.7 86.9 480 2.61 0.620 
3.80 505 93.9 538 2.55 0.629 
400 544 105 591 2.58 0.604 
4.20 S78 118 674 2.57 0.626 
440 59.2 123 725 2.37 0.605 
460 64.7 133 777 244 0.608 
480 70.2 143 R47 20 0.637 
$00 726 156 931 2.55 0.665 





* Relative accuracy ~—35 percent, +75 percent. 
> Relative accuracy ~20 percent, +45 percent. 
* Relative accuracy +7 percent 
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TaB.e IV. Thin target yields of gamma rays of gold and values 
for B(E2).2. The columns Terp4273 and Isso give the yields 
in number of y rays per microcoulomb of protons. The B(E2),. 
are given in units of cm‘. 











B(E2)e Bi Ele 
Ey 277-kev $50-kev 
(Mev) Tert,273 Taso state state 
1.60 0.315 X10 + 0.304 x10-¢ 
1.80 1.34 X10" > 348 
2.00 3.95 X10" 0.388 
2.20 7.32 0.326 X1@ © 0.351 0.652 Xi0°-" 
2.40 13.1 1,07 X10 4 0.359 0.583 
2.60 19.2 2.80 X 10° « 0341 0.536 
2.830 27.8 641 X1e 0.370 0.537 
3.00 35.4 11.6 0.331 O.S11 
3.20 44.0 19.1 0.331 0.507 
3.40 54.6 29.3 0.335 0.507 
3.60 64.3 40.0 0.335 0.483 
3.80 75.3 52.9 0.340 OAT4 
4.00 83.5 66.9 0.330 0.471 
4.20 934 83.7 0.327 0.467 
440 103 99.9 0.335 0.467 
4.60 117 118 0,345 0.466 
4.80 123 135 0.338 0462 
5.00 129 156 0.328 OA71 


* Relative accuracy 
» Relative accuracy 
© Relative accuracy 3:15 percent. 
4 Relative accuracy +s-10 percent. 
* Relative accuracy +7 percent. 


+15 percent. 
+7 percent. 


The intrinsic quadrupole moment may also be 
deduced from the observed excitation energy.” As- 
suming the nuclear radius is given by 1.4X10~-"A'* we 
calculate the values 20.7 and 20.7 barns for Qo for the 
137- and 303-kev states, respectively. The close agree- 
ment of the Qo values is evidence that the relative 
spacing of the excited states is correctly given by the 
rotational interpretation. However, the absolute values 
of Qo given by excitation energy are rather different 
from those obtained from reduced transition prob- 
abilities, 

The quantity (ga—gr)* is calculated from the ob- 
served B(M1) values for the 137- and 166-kev transi- 
tions to be (0.202) and (0.284), respectively. The 25 
percent difference in the values of (gea—gx)* is probably 
not outside of the experimental uncertainties. Bohr and 
Mottelson” give an expression which relates the ground 
state magnetic moment to the gg and gr. From the 
observed magnetic moment of 2.1 nm and the above 
values of (go—gr)*, two solutions are obtained because 
the sign of the difference (gga—gz) is not known. The 
solutions are listed in Table VII. The theoretical esti- 
mate of gz is Z/A or 0.40. The shell moaei assignment 
for the ground state of Ta’ is gz». This type of state 
has go= 0.50. 


B. Gold 


Considerable information on the low-lying states of 
Au™ has been obtained from studies of the decay of 


* The effective moment of inertia, 9, is obtained from the 


relation 
_ 
E= sg +1)—Telle+1)), 
Then Q» is obtained using the formula 9 = (5mA/8K/Z)O?/, 


where m=the nucleon mass. [See A. Bohr, Rotational States o 
Atomic Nuclei (Ejnai Munhsgaard Forlog, Copenhagen, 1954). 
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Tasie V. Summary of values of B(E2).. based on the interpretation of the observed gamma-ray yields given Tables I, II, III, and 
IV. The first column lists the nucleus to which the gamma ray given in column 2 is assigned. Columns 3 and 4 indicate the bombarding 
particle and its incident energy. Columns 5 and 6 give the classification of the transition and the total internal conversion coefficient 
which we have used. The column headed /, lists the number of transitions per microcoulomb. Column 8 gives the excitation energy of 
the state and the column headed /; lists the excitations/wcoul for the state. Column 10 gives the evaluation of the integral 
Se® g:()F'dE/ (dE /dpx) in units of kev mg/cm*. The last column gives B(E2),. in units of cm‘. 


[* seBree 


5 o- transition = al excitation Je dE /dpx (Elves 
Nucleus fee poor nies Classification at T ea ) ‘(ev) {se *) kev Xmg/cm* ae) 
wl h™ 700 p 5.0 £2 0.017 3.38% 10" 760 = 3.38X 10" 3.38X 10* 0.13 
ePb™ $70 p 4.5 E2 0.021 1.34 10" 370 =—- 1.34 10* 4.73X 10" 0.028* 
2Pb™ 810 p 45 E2 0.01 1.72 10° 810 1.72XK10' 1.50X 10* 0.11% 
Pb” p 5.0 E2 0.01 5.65X 10" 810 5.65108 3.51X 10" 0.16° 
 T™ 205 p 40 E£2+M1 0.93 2.11K 108 205 =—-:1.93 10* 1.33X 108 0.137 
205 a 4.0 F£2+M1 0.93 7.12% 10 205 7.12K 10° 1.19 10° 0.141 
410 p 40 £2+M1 0.14 1.81 10" 615 2.11 10 1.70X 10+ 0.117 
 T™ 279 p 4.0 0.81 E24+019 M1 0.22 1.61 10° 279 = 1.46 108 1.01 10° 0.135 
279 a 40 0.81 F2+0.19 M1 0.22 1.76 1 279 1.76X 10 3.22K 16 0.128 
410 p 4.0 E2+M1 0.144 1.46 10° 682 = 1.70K10° 1.10 10" 0.145 
Au™ 191 p 40 E2+M1 1.09° 1.13% 108 (191) 113K10 1.43 105 0.0682 
191 a 40 £2+M1 1.09 1.55 10° (191) 1.55K10 1.80 10° 0.0186 
191 p 40 E2+M1 1.09° 1.13 10° 268 1.13 10° 1.05 10° 0.0928 
191 a 4.0 F2+M1 1.09" 1.55% 10" 268 =1.55K10 3.98 108 0.0837 
277 a 40 0.57 E2+043 M1 0.36° 4.76% 10 277 4.76K 10 3.28 107 0.307 
277 p 40 0.57 F2+043 Mi 0.36" 3.89 10% 277 381K 10° 1.01X 108 0.326 
273 p 40 F£2+M1 0.36 8.34 10° 
550 p 4.0 E2 0.019 1.18 10° 550 =: 1.26108 2.57X 10° 0.423 
277 Pp 1.6 to 5.0 277 0.334 
550 p 2.2 to 5.0 550 0.470 
. , 0.32 1.40 10° 1.40 10° 7 108 0.406 
Pes a0? 50 F2+MI! 1o2e 244x108 «729 arg 108 287X109 601 
240 p 5.0 E2 0.20 5.93 10° 240 5.93 10° 2.68 10° 0.184 
Pum 330 p 40 R2 0.074 1.74 10° 330 =: 1.74 108 8.06 10* 1.79 
330 p 5.0 E2 0.074 4.42 10° 330 =4.42K 10° 2.10 10° 1.75 
~Pt™ 358 p 40 FE2 0.060 1.21 10° 358 1.2110 7.07 X 108 1.43 
358 p 5.0 E2 0.060 2.66X 10° 358 2.66 10° 1.94 10° 1.15 
nPt'* 403 p 40 F2 0.042 9.02 108 403 = 9.02 108 5.70% 10" 1.34 
403 t 5.0 R2 0.042 2.72 10° 403 2.72X 10° 1.69 10° 1.36 
Wie 1% i086 112 p 40 E2 3.16 1.40 10° 112 1.40 107 1.82 10° 5.44 
1.14 107 1.14 107 4.43 
iw" 295 p 4.0 E2* 0.089 8.19 10° 295 3.67XK10° 9.68X 10' 0.267 
sTa'® 137 a 40 0.20 £240.80 M1' 2.09 6.33 10° 137 633xK10° 5.41 10 1.98 
137 p 143 to 5.0 0.20 £240.80 M1' 2.09 137 2.50 
137 p 20 to48 0.20 £24+080 M1‘ 2.09 137 2.62 . 
167 p 4.0 0.21 E2+0.79 M1 1.08 6.30 10° 
303 p 20 to48 E2 0.079 303 0.578 
303 p 1.43 to 5.0 E2 0.079 303 0.624 


. 40 percent, +20 percent 

t $8 percent, +20 percent 

’ 40 percent, +10 percent 

* Wapstra, Maeder, Nijgh, and Ornstein, Physica 20, 169 (1954 

* Huber, Halter, Joly, Maeder, and Brunner, Helv. Phys. Acta 26, 591(A) (1953) 

' Pure £2 

* Pure M1 

* See decay scheme of Murray, Boehm, Marmier, and DuMond, Phys. Rev. 97, 1007 (1955 
K. McGowan, Phys. Rev. 93, 481 (1954 


Hg" and Pt'’.**” These studies reveal the following additional evidence in support of this conclusion, we 
excited states: 77-kev state which decays byan E2+M1 find that the values of B(E2),. calculated from the 
transition, 268-kev state which decays predominantly the observed yields of the y ray for proton and a-par- 
by cascade through the 77-kev state (y rays of 191 ticle bombardment differ by a factor of 4 if an excitation 
and 77 kev), 410-kev state (metastable) which decays energy of 191 kev is assumed, whereas an excitation 


to a 279-kev state (y rays of 130 and279 kev). energy of 268 kev brings the values into fair agreement. 
In agreement with the work of others,"*"® we find Since the 268-kev state decays to the 77-kev state, 


that under proton bombardment gold emits y rays of one expects that y rays of 77-kev energy are also 
191, 277, and 550 kev. The 191- and 277-kev y rays emitted. There is also the possibility that the 77-kev 
are also observed under a-particle bombardment. The state is directly excited. (Radioactive decay studies 
191-kev y ray suggests that the 268-kev state, observed indicate the state decays by an E2+M1 transition.) 
in radioactive decay of Hg’, is being excited. As Unfortunately, y radiation of this energy is obscured 
* See seviow article by Hollander, Periman and Seaborg, Revs by ue ae ee « - a “ gold which = 

} ’ ‘ , excited by the bombarding particles. Since a-particle 


Modern Phys. 25, 469 (1953) “ee 
" J. W. Mihelich and A. de-Shalit, Phys. Rev. 91, 78 (1953) bombardment produces much less x-radiation than does 
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Teme V. —Continued 
Bom- Excl if ners 
2 E,  barding E (a) tation a) © GE /dex BR) 
Nucleus (kev) particle Mev Cc lassification ar pcou! kev) gcoul kev xmg cm? x1o" 
nHP76.178 190° #0 p 4.0 F2 6.13 1.83X 10" 90 1.83X 107 1 91x 108 6.21 
Hf!77. 179% 112 p 4.0 E2! 3.09 6.77X 10* 112 6.77K10* 1.81 10° 2.42 
Agi? 9 104 p 2.1 £2+M1 0.49" 2.85X 10 
104 p 2.5 F24+-M1 0.49™ 7.13 106 
104 p 2.9 F£2+M1 0.49™ 1.98 10" 
325 > 2.1 F2+M1 0.018"\ 5.90 10" 325. 5.61K10' 417X106 0.225 
325 p 2.5 F2+M1 0.022°/ 1.67 10° 325 1.60 10° 1.17X 10" 0.229 
325 p 2.9 £2+M1 3.52 108 325 3.32K10° 2.47X 10" 0.225 
427 p 24 E2 0.0107 3.18 10" 427 3.47XK10' 1.53X 10 0.380 
427 p 2.5 F2 0.0107 1.15 108 427 1.22 10° 5.78X 10 0.354 
427 p 2.9 E2 0.0167 2.92 108 427 3.12% 10° 1.45X 10" 0.360 
«Pd 380 p 2.1 F2 0.0143 =—-1.58 10° 380 =1.58 10° 2.61% 10 0,989 
380 p 2.5 E2 0.0143 4.77108 380 64.77K10° 8.34 10 0.934 
380 p 2.9 E2 0.0143 1.135 10° 380 1.135 10* 1.91 10* 0.972 
«sPd*? 448 p 2.1 E2 0.0089 §89.36K 108 445 9.36 10° 1.36 10° 1.10 
445 p 2.5 E2 0.0089 3.49 10° 448 3.49K 10° 5.28x 10° 1.04 
445 p 2.9 FE2 0.0089 8.65 105 445 8.65 10° 1.35 10° 1.03 
«Pd 520 p 2.1 E2 0.0087 3.1310" 5270 3.13108 643X108 0.766 
520 p 2.5 E2 0.0057 1.36 108 520) -:1.36K 10° 3.12XK10 0,687 
520 p 2.9 E2 0.0087 4.19 108 520 4.19108 9.16% 10 0.722 
«Pd™ 575 p 2.5 E2 0.0043 §=66.23K« 10" 575 6.23 10" 1.90 10° 0.507 
575 p 2.9 E2 0.0043 2.33 108 575 2.33 108 6.33X 16 0.570 
«Rh 65 p 2.1 E24+M1 1.15” 7.6€0X 10° 
65 p 2.5 F2+M1 1.15” 2.32X 10¢ 
65 p 2.9 F2+ M1 1.15” 5.94 10" 
305 p 2.1 E2+M1 0.01789\ 9.45% 10+ 305 &&.71K 10" 5.34X 10° 0.239 
305 p 2.5 F24+M1 0.023" 2.05 108 305 1.83 10° 1.39 10" 0.193 
305 p 2.9 E2+M1 4.27K 10° 305 =3.68 108 2.78X 104 0.194 
365 p 2.1 E2 0.0157 7.15K10 365 7.91K10 3.12K 10 0.371 
365 p 2.5 E2 0.0157 2.07% 108 365 2.30 10* 9 48x 10 0.355 
365 p 2.9 E2 0.0157 4.51 108 365 5.11 10° 2.098% 10° 0.358 
«Mo* 212 p 21 F24+M1 0.036% 417K 10" 212. 4.17K 108 1.18 10* 0.0416 
212 p 2.5 E2+M1 0.036" 8.2510" 212. -&.25«K10" 2.42 10" 0.0401 
212 p 2.9 F2+M1 0.036" 149X108 212 1.49108 4.15 108 0.0423 
«aMo® 540 p 2.4 E2 0.004 1.11 108 5401.11 K 108 2.27K 10 0.605 
540 p 2.7 E2 0.004 2.80 108 5402. 80K 10 5.74X 10 0.604 
540 p 3.0 E2 0.004 5.79 108 540 =§.79K 108 1.15 10* 0.623 
«Mo** 770 p 2.4 E2 0.001 9.00X 10° 770 =—9.00K 10" 2.77K 16 0.394 
770 p 2.7 E2 0.001 3.78 10" 770 = 3.7810" 1.1110" 0413 
770 p 3.0 E2 0.001 1.07 108 770 1.07 10° 3.07X 10° 0.423 
iF. K. McGowan, Phys. Rev. 87, 542 (1952 
* See McClelland, Massachusetts Institute of Technology Progress Report, 1954, McClelland, Mark and Goodman, Phys. Rev. 97, 1191 (1955 
' McGowan, Klema, and Bell, Phys. Rev. 85, 152 (1952 
= Transition taken as pure J 
® (E2/M1)? = —0.19 
(£2/M1)¢ = —1.14 
» Transition taken as pure M1 
@ (E2/M1)) = —0.18. 
© (E2/M1)) = ~1.17 
* Medicus, Preiswerk, and Scherrer, Helv. Phys. Acta 23, 299 (1950). 
proton bombardment, the possibility of establishing the is similar to that for the 268-kev, one expects an in- 





existence of this y ray is enhanced by the use of a-par- 
ticles. Heydenburg and Temmer’ report evidence for 
the existence of the y ray from a comparison of spectral 
shapes obtained for proton and a-particle excitation. 
No estimate of intensity is given. 

When gold is bombarded by 4-Mev a particles, we 
find that the number of 191-kev transitions is less than 
one percent of the number of K x-rays. Hence, even 
when a particles are used, the number of 77-kev y rays 
to be expected from the excitation of the 268-kev state 
is still much less than the K x-ray intensity. Direct 
excitation of the 77-kev state is estimated to be 30 
times more probable than excitation of the 268-kev 
state on the assumption of equal values for B(E2)¢z. 
Therefore, if the B(E2),, for excitation of the 77-kev 


tensity of 77-kev y rays comparable to the K x-ray 
intensity. To determine whether the gold K x-ray 
intensity were anomalously large and thereby estab- 
lished the existence and obtain an estimate of the yield 
of the 77-kev y ray, a comparison was made of the K 
x-ray intensities for 4-Mev a-particles bombardment 
for gold and neighboring elements. An irregularity 
which was outside the uncertainties of the measure- 
ments was not observed. It is concluded that B(#2),. 
for the 77-kev state is less than 0.20 10~" cm‘. The 
value for ar of 5.0 was taken in obtaining this limit. 
Recently Sunyar™ measured the 7; for decay of this 
state by the delayed coincidence method. From his 
results one concludes that B(E2),, is either 0.10 or 


eA W.s Sunyar, Phys. Rev. 98, 653 (1955) 
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Taste VI. Summary of quantities obtained from the B(£2),. values given in Table V. The values of B(E2), are given in column 4 


for the Spin assignments of the excited states in the nuclei listed in 


columns 3, 2, and 1. From the values for cascades/crossovers, ar 


and E2/M1, the values of T; and B(M1), are calculated. The columns headed Ove and (Q») a:e2) list the values of Q» based on the 


excitation and the B(E2), values, respectively. 


The next column gives the ratio of the two values of Qo. The last column lists 
the ratio of the observed mhamiedin to that ome hid the — particle estimate oe 

















Z B(ED4 _Cascade Ove Os) B(E2) Oo) acer B(E2)a 
Nucleus (kev) I x10" crossovers £2/M1 T¥ sec) B(Mi)a «10% x10" Oode B(E2).» 
Pb” 570 5/2 0.0093 2 1.0X 10-” 10.5 0.69 0.066 0.62 
Ph”* 810 2 0.025 2 7.70X10-" 7.63 1.02 0.13 1.7 
T™ 205 (3/2) 0069 (0.27) 2.48 10-” 7.6X 10% 10.1 1.86 0.18 46 
615 (5/2) 0.039 10.1 1.40 0.14 2.6 
T™ 279 3/2 0.068 4.26 3.25K10-" 8.74xK10 9.43 1.91 0.20 46 
682 5/2 0.049 6 L 1.12K 10°" 943 1.57 0.17 3.3 
410 1.44 0.78 2.18 107% 98 
Au 277 5/2 0.223 0.56 411X10"% 2.14X107 (11.6) 2.55 0.22 16 
550 7/2 0.235 0.06 ~o 443X108 (12.7) 4.06 0.32 17 
Pr 330 2 0.35 % 3.85X10™ 11.5 4.19 0.36 25 
prs 358 2 0.26 x“ 3.49X 10" 11.0 3.61 0.33 19 
Pr 403 2 0.27 x 1.88 10" 10.4 3.68 0.35 19 
Wit 10 106 112 2 0.98 x 7.88X 10-% 18.9 7.02 0.37 76 
Ta'™ 137 9/2 2.00 0.25 3.78X10™ 105X107" 20.7 7.70 0.37 160 
303 11/2 0.416 3.37 © 1.1310" 20.7 7.59 0.37 33 
166 3.05 0.26 2.26X 10 946 240 
Hf'76 178 18 90 2 1.24 a 1.08 10% 20.7 7.90 0.38 100 
Ag. 325 3/2 0.113" 0.036 4.71X10-" 2.33107 7.05 2.38 0.34 18 
325 3/2 0.113 1.30 7.63X 10-8 646X10-* 2.38 18 
427 5/2 0.122” 0.07 x 2.99X 10" 7.05 2.48 0.35 19 
Pd'" 380 2 0.193 © 3.65X 10" 6.94 3.11 0.45 30 
Pd" 445 2 0.213 oo 1.51X10™™ 6.43 3.27 0.51 34 
Pd” 520 2 0.145 x 1.02K 10-" 5.98 2.69 0.45 23 
Pd™ 575 2 0.108 x 8.30 10-8 5. 70 2.34 0.41 18 
Rh WS 3/2 0.104° 0.032 6.28 10-8 2.12 10" 7.25 2.29 0.32 17 
305 3/2 0.104 1.37 1.17X10-" 4.96 10-* 2.29 17 
365 $/2 0.120° 0.12 *” 6.39X 10" 7.25 246 0.34 20 
Mo™ sho 2 0.122 «x 948X 10°" 5.40 2.53 0.47 21 
Mo" 770 2 0.082 x 254X110" 4.54 2.03 0.45 15 


* Ty =140 X10 sec for Ey 100 kev 


> Cascade transition of 104 kev taken to be predominantly M1 radiation. 


© Cascade transition of 65 kev taken to be predominantly M1 radiation. 


0.20 10-* cm* depending on whether the spin of the 
77-kev state is 4 or 3. 

The y ray of 550-kev energy is not found in the 
radioactive decays studies. There are several reasons 
for believing that this y ray results from the direct 
excitation of a state at 550-kev excitation energy. 
The yield of the y ray as a function of proton energy 
is in good agreement with the prediction of the Coulomb 
theory when the excitation energy is taken as 550 
kev (see Goldburg and Williamson,” Cook ef al.,'* 
and below). We were unable to establish coinci- 
dences between this y ray and the 191- or the 277-kev 
y rays. Both the large B(E2),- and the angular dis- 


tribution (3 2-7 rer 3/2) (see Goldburg and Wil- 
liamson,” Cook ef al.,"* below and accompanying paper™) 
are what one might expect for collective excitations. 
Taste VII. Values of go and ge obtained from ground state 
magnetic moments and the quantities (ga— gz)’. 











Nucleus Transition 2Q —42)* £2 an 
Ta 2.1 137 0.202 0.70 0.25 
0.50 0.95 
166 0.284 0.7 0.19 
048 1.02 
Au 0.19 277 0.149 — 0.061 0.32 
0.25 —0.14 








The 277-kev y ray is thought to result from the exci- 
tation of the excited state of this energy which is also 
found in radioactive decay studies. The yield of the 
7 ray as a function of proton energy and for a particles 
agrees with that predicted by the Coulomb theory when 
the excitation energy is taken as 277-kev (see Goldburg 
and Williamson," Cook e/ al.,'° and below). The £2/M1 
value deduced from the angular distribution™ agrees 
with that obtained from internal conversion measure- 
ments. 

It has been pointed out that if the 550-kev state 
decays by cascade through the 277-kev state, the first 
y ray would have an energy (273-kev) very close to the 
277-kev y ray and probably would not be resolved with 
a scintillation spectrometer." Using 4-Mev protons 
on a thick gold target, Goldburg and Williamson” 
found that less than 10 percent of the y rays of 277-kev 
energy are in coincidence. Cook ef al.'* found that less 
than 5 percent were in coincidence for 3-Mev protons 
on a thick target. We have established that coincidences 
exist. For 4-Mev protons on a thick target, it is found 
that 2.1+0.4 percent of the 277-kev y rays are in coin- 
cidence. From this percentage, the observed intensities 
and the known ar for the 550- and 277-kev transitions 
it is found that 6 percent of the decays of the 550-kev 
state are by cascade to the 277-kev state. The value of 
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6 percent has some uncertainty because the ar for the 
273-kev transition is not known. We have taken ar 
to be equal to that for the 277-kev transition (E2/M1 
=0.56). If the 273-kev transition is predominantly M1 
or predominantly £2 the percentages are 7 or 5 percent, 
respectively. 

It is also of interest to determine to what extent the 
550-kev state decays to the 268-kev state. Coincidences 
were looked for between the 191-kev y ray and a 282-kev 
y ray (unresolved from the 277-kev y ray). No evi- 
dence for coincidences was found. From this it is con- 
cluded that less than 0.5 percent of the decays of the 
550-kev state go to the 268-kev state. It might also be 
mentioned that the intensity of a 473-kev y ray which 
would result from the decay of the 550-kev state to the 
77-kev state is less than 3 percent of the intensity of 
the 550-kev y ray. 

The B(E2),. for the 277- and 550-kev states have 
been calculated from the observed thin target y-ray 
yields and are listed in Table IV. The values taken for 
ar and the ratio of cascades/crossovers for the 550-kev 
state are listed in Tables V and VI. Except for the 
lowest proton energies where larger errors are assigned, 
it is thought that the total spread in the relative values 
of B(E2),. caused by experimental errors is not more 
than 15 percent. An inspection of the B(E2),. values 
indicates no significant variation and we conclude that 
to within this accuracy the relative cross section is cor- 
rectly given by the theory. As was the case for the 303- 
kev state in tantalum, one can conclude from the 
excitation of the gold states that the expression for & 
given by formula (3) is favored over the one originally 
proposed. 

If the strong coupling limit of the collective model 
were realized in the gold nucleus one would expect to 
observe the strong excitation of the first two rotational 
states. These states should have spins of 5/2 and 7/2 
and excitation energies in the proportion 5:12. The 
available information indicates that the 277- and 550- 
kev states have spins of 5/2 and 7/2, respectively. 
The ratio of the excitation energies is 1.99+-0.02 instead 
of the predicted value of 2.40. The values of Qo cal- 
culated from the excitation energies are 11.6 and 12.7 
barns whereas those calculated from the B(E2),, are 
2.55 and 4.06 barns for the 277- and 550-kev states, 
respectively. The two solutions for go and gz based on 
the B(M1) value for the 277-kev transition and mag- 
netic moment of the ground state are given in Table 
VII. 


C. Platinum 


McClelland ef al.” have shown by the use of enriched 
isotopes that the 330-, 358-, and 403-kev y rays result 
from the excitation of Pt™, Pt, and Pt', respec- 
tively. The 330- and 358-kev y rays of Pt™ and Pt™ 
are also observed in radioactive decay studies. McClel- 


~ ® McClelland, Mark, and Goodman, Phys. Rev. 97, 1191 
(1955) 
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land et al. have given values of () based on their deter- 
mination of the B(£2),, for the 330-, 358-, and 403-kev 
y rays as 2.3, 1.7, and 1.4 barns. These are considerably 
smaller than the values we list and indicate differences 
of factors of 3.0 to 6.9 in the determination of the 
B(E2) «sz. 

The other four y rays of 100-, 130-, 210-, and 240-kev 
energy observed under proton or a-particle bombard- 
ment of natural platinum are thought to result from the 
excitation of Pt. The 100- and 130-kev y rays are 
observed in radioactive decay to Pt™.* The 210-kev 
y ray has been assigned to Pt" by McClelland ef al.” 
from the study of the yields from enriched isotopes. 
They do not list the 240-kev y ray. However, the 
240-kev y ray has also been observed by Class et al.” 


D. Thallium 


Thallium consists of the two isotopes Tl (29.5 
percent) and Tl (70.5 percent). Radioactive decay 
studies give no information on excited states of Tl. 
Work on the decay of Hg™ and Pb*®* indicate excited 
states in Tl at 279- and 682-kev.%"'-” Therefore, the 
279- and 410-kev y rays (the 682-kev state decays 
mainly by cascade) are believed to result from the 
excitation of these two levels in TI. The 205-kev 
y ray is tentatively assigned to TI. 

Coincidence measurements on the y rays from thal- 
lium verified the fact that 410-kev y rays are in coin- 
cidence with 279-kev y rays. It was also found that 
410-kev rays are in coincidence with 205-kev y rays. 
This suggests that the 410-kev peak is a composite 
peak of two y rays. We tentatively conclude that states 
of 205- and 615-kev energy are excited in Tl”. 

To obtain the B(E2),, for the 615-kev transition in 
TI we have taken ar for the 410-kev transition to be 
0.14, which is the value for the 410-kev transition in 
TP. Since ar for an E2+-M1 transition of this energy 
is rather small, less than 10 percent error in B(E2),. 
results from the fact that £2/M1 is not known. From 
the intensities of the singles and coincidence spectra 
one can deduce a value for ar for the 205-kev transition. 
The value is 0.90+-0.50. An ar of 0.90 corresponds to 
an E2/M1 value of 0.27. 

Metzger and Todd® have determined the lifetime of 
the 279-kev state in TP by the use of the resonance 
fluorescence method. They find the y-ray lifetime, 7,, 
is (1040.4) X10~ sec,* or 7; of the state is (5.72.3) 
X10-" sec. (We have taken ar=0.22 to calculate 7;.) 
This agrees with the value of 3.64 10~-" sec obtained 
from the Coulomb excitation cross section. Metzger and 
Todd pointed out that the lifetime is much longer than 





“ Class, Cook, and Eisinger, Phys. Rev. 94, 747 (1954). 
— Maeder, Nijgh, and Ornstein, Physica 20, 169 
1954). 

oe Varma, Phys. Rev. 94, 1688 (1954). 

“F. R. Metzger and W. B. Todd, Phys. Rev. 95, 627 (1954). 

* Note added in proof.—Additional measurements give a best 
value of (0.640.15)X10~ sec. F. Metzger, private communica- 
tion. 
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that given by the value of B(M1),,. The B(M1)4 given 
in Table VI is 2000 times smaller than B(M1),,. In 
contrast, the B(M1), for the 410-kev transition in T?™ 
is 5 times smaller than B(M1),,. 

The £, transition probabilities in the thallium iso- 
topes are factors of 2 to 5 larger than B(E2),, with the 
exception of the unexpectedly strong enhancement of 
E2 for the 410-kev transition in T!. Since TI) is 
rather near to the double closed shell nucleus, Pb™, the 
enhancement of an £2 transition probability by a factor 
of 100 is surprising and it is well to review the evidence 
for this enhancement. Wapstra et a/." and Varma® 
have studied the decay of Pb™ to TI™. It is found that 
the 682-kev state decays mostly by cascade (cascades/ 
crossovers=6). The measured values of ax and K/L 
+M for the 410-kev transition indicate that E2 is 
comparable to M1 (we have taken E2/M1=0.78). 
From this information it follows that T7(E2)4:0/T (E2)ese 
= 2.6 where T(E£2) is the transition probability. Now 
taking into account the E* dependence of £2 transitions 
we have that [ B(E2)a Jaro ‘CT B(E2)4 \es2= 33. The value 
of [ B(E2),4 \ese is determined from the Coulomb exci- 
tation cross section and it is found to be 3.3 times larger 
than B(E2),,. It then follows that [B(E2)a]«o is 
approximately 100 times larger than B(E2),,.T 


E. Lead 


Two 7 rays of low yield with energies of 570- and 
810-kev were observed when normal lead was bom- 
barded with protons of 4- to 5-Mev energy. The yield 
of the 810-kev y ray increased when a target of radio- 
genic lead enriched to 88 percent Pb®* was used and 
we therefore assign this y ray to Pb. A y ray of this 
energy is also observed in the decay of Po*” * and Bi.“ 
The 570-kev y ray is thought to result from the excita- 
tion of the first state in Pb®’ which is known from work 
on the decay of Bi” *-*“* and the Pb™*(d,/) and Pb**- 
(d,p) reactions.” 

Delayed coincidence measurements of the half-life of 
the 570-kev state in Pb®’ have shown that it is less 
than 410-" sec.* From the observed B(£2),. a 
value of 7, of (1.0_9 9*°4) X10 sec is calculated. 

Pryce has emphasized that the shell model should 
be especially applicable to the description of the low- 
lying states of nuclei near to the double closed shell 
nucleus Pb**. And it is found that the experimental 
information on the low lying states of Pb”? and Pb™* 
fits the picture of single particie neutron states to a 
considerable extent. The B(E2),4 for the first excited 


t Note added in proof —Recent work on the Coulomb excitation 
of thallium has been reported by Barloutaud, Crjebine, and 
Riou, Compt. rend. 240, 1207 (1955) 

“TD. E. Alburger and M. H. L. Pryce, Phys. Rev. 95, 1482 
(1954) 

“F. K. McGowan and E. C 
(1953) 

“1. E. Alburger and A. W. Sunyar, Bull. Am. Phys. Soc. 29, 
No. &, 28 (1954) 

“J. A. Harvey, Can. J. Phys. 31, 278 (1953) 

“M.H. L. Pryce, Proc. Phys. Soc. (London) A65, 773 (1952) 


Campbell, Phys. Rev. 92, 523 


STELSON AND F. K. McGOWAN 


states of Pb”? and Pb are much larger than is 
expected for transitions between shell model neutron 
states and are instead the same order magnitude as 
B(E2),, (based on shell model proton states). Bohr 
and Mottelson have pointed out that in the weak 
coupling limit of the collective model the B(E2) for 
transitions between neutron states may be greatly 
enhanced by the coupling of the states to the nuclear 
surface. 


F. Thorium 


The 53-kev y ray, which has also been observed by 
Temmer and Heydenburg,‘ is thought to result from 
the excitation of the first rotational state in thorium. 
We also list a 760-kev y ray which is observed with 
5-Mev proton bombardment. However, additional work 
is needed to establish with certainty that this y ray 
actually results from the excitation of a state in 
thorium. An excitation energy of 760-kev is of the 
order of that expected for the first vibrational state but 
the observed B(E2),, is not as large as one would 
expect for this type of transition and is, instead, similar 
to that given by B(E2),,. 


G. Wolfram 


Other workers** have found by the use of enriched 
isotopes that y rays of 100-, 112-, and 124-kev energy 
are excited in the isotopes W™, W™, and W'®, respec- 
tively. The 100- and 124-kev states in W'® and W'** 
are also known from radioactive decay measurements. 
It is reported** that y rays of 46- and 103-kev energy 
are excited in W'™ which is the only stable odd-A 
isotope of wolfram (abundance 14 percent). 

For natural wolfram and an incident proton energy 
of 4.0 Mev we observe the spectrum shown in Fig. 7. 
The peak at 112 kev is too broad to be attributed to a 
single y ray and it is therefore thought to be a com- 
posite line of the y rays from the three even-A isotopes 
and the 103-kev y ray from W'®. In calculating the 
average B(E2),, for the even-A isotopes we have not 
applied a correction to account for the contribution 
of the 103-kev y ray in W'*. This probably introduces 
an error of less than the natural abundance of W'* 
(14 percent). 

A y ray of 295-kev energy is also observed and we 
have rentatively assigned this to W'™. Murray ef al. 
have accurately measured the energies of a large 
number of y rays which result from the decay of excited 
states of W'™ following the 8 decay of Ta’, and from 
this work they have deduced a level scheme for W'®. 
Their scheme indicates a state at 291.71 kev which 
decays by an E2 transition to the ground state. We 
have used their decay scheme to evaluate the B(E2),. 
for the 291.71!-kev state from the observed intensity 
of the 291.71-kev y ray. One can then obtain values 


* Murray, Bochm, Marmier, and DuMond, Phys. Rev. 97, 1007 
(1955). 
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for B(M1)4 for the competing modes of decay for this 
state. The values for B(M1), for the 84.70-, 82.91-, and 
192.64-kev y rays are 0.59, 0.11, and 0.0040, respec- 
tively. 

Sunyar® has measured the half-life of the 100-kev 
state in W'™ by the use of the delayed coincidence 
method and finds the value of 1.27 10~* sec. This is in 
good agreement with the value of 1.40 10~* sec com- 
puted from the B(E2),, based on the Coulomb ex:ita- 
tion cross section. 


H. Hafnium 


McClelland et al.® have shown by the use of enriched 
isotopes that the three even-A isotopes, H'”* (5.15 
percent), Hf'?* (27.08 percent) and Hf'™ (35.44 percent) 
emit 7 rays of 87-, 91-, and 92-kev energy, respectively. 
Radioactive decay measurements® have indicated 
states at 89 and 93 kev for Hf'’* and Hf'®. Therefore 
we interpret the line observed at 90 kev as a composite 
line of the three y rays from the even-A isotopes of 
hafnium. 

Direct measurements of the half-lives of the 89- and 
93-kev states of Hf'?**' and Hf'®® by the delayed 
coincidence method gives values of 1.35 10~* sec and 
1.39 10~* sec, respectively. The value of 1.13 10-* 
sec is obtained from the B(E2),, based on the Coulomb 
excitation cross section. 

Other workers® have investigated the excitation of 
states in the two odd-A isotopes, Hf'”? and Hf'”, by 
the use of enriched isotopes and found y rays of 114 
and 235 kev for Hf'’? and 122 and 250 kev for Hf'”. 
The peaks observed at 112 and 248 kev are therefore 
interpreted as composite lines from the y rays of the 
odd-A isotopes. 


I. Silver 


Measurements of the Coulomb excitation of silver 
by use of enriched isotopes have been made by Heyden- 
burg and Temmer.'* They found that the spectra of the 
two isotopes (Ag"*’, Ag") were quite similar; Ag’”’ emits 
7 rays of 318- and 413-kev energy and Ag™ emits y rays 
of 305- and 400-kev energy. These results indicate that 
the y rays listed as 325- and 427-kev energy are com- 
posite lines resulting from the excitation of both iso- 
topes. In addition a rather weak y ray of 104-kev energy 
was observed (see Fig. 9) which we believe to result 
from the cascade decay of the 427-kev state. The thick 
target yields were measured for 2.1-, 2.5-, and 2.9-Mev 
protons and it was found that the yields increased in 
accordance with the prediction of the Coulomb excita- 
tion theory for £2 transitions. 

Heydenburg and Temmer found that the B(E2),, 
were essentially the same for the two isotopes; the 
values are given as 0.13 and 0.22K10~* cm‘ for the 
325- and 427-kev transitions, respectively. Under the 


* A. W. Sunyar, Phys. Rev. 95, 626 (1954). 
| F. K. McGowan, Phys. Rev. 87, 542 (1952). 
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same assumptions (omission of internal conversions and 
cascade decay) our values are 0.23 and 0.34X 10~™ em‘. 
The inclusion of internal conversion and the cascade 
decay are rather unimportant. The values vary from 
0.22 and 0.37 10~** cm* (104-kev transition pure M1) 
to 0.23 and 0.36 10~ (104-kev transition pure £2). 
The collective model” suggests that B(E2).. a2, 
B(E2)ez a7 should be 1.5 if the spin of the 327-kev 
state is taken to be 3/2 and the spin of the 427-kev 
state is taken to be 5/2. The observed ratio is 1.6 to 1.7. 

If one assumes that the B(E2),4 of the 104-kev 
transition is comparable to those observed for the 325- 
and 427-kev transitions, it follows that the 104-kev 
transition is predominantly M1 (£2/M1=0.01). The 
value of B(M1) for the 104-kev transition on the 
assumption of pure M1 is 0.86. 


J. Rhodium 


Heydenburg and Temmer' found that Coulomb 
excitation of rhodium results in the emission of two 
y rays with energies of 295 and 357 kev. Rietjens et al.” 
found that several discrete y rays are emitted in the 


¢ capture 

decay of Pd'* —-——+ Rh'®. Among these are two y rays 
that are observed in Coulomb excitation. In addition 
to y rays of 305- and 365-kev energy we also observed 
a 65-kev y ray (see Fig. 12), which is believed to result 
from the cascade decay of the 365-kev state. A y ray 
of 440-kev was also observed. However, the yield of 
this y ray did not vary with proton energy in the way 
expected for Coulomb excitation. It is thought to be 
the result of a small amount of sodium impurity. 

The values of B(£2),, for the 305- and 365-kev tran- 
sitions are given by Heydenburg and Temmer as 0.18 
and 0.32X10- cm‘, respectively. Under the same 
assumptions (omission of internal conversion and 
cascade decay) our values are 0.23 and 0.32 10™ cm‘. 
The omission of the cascade transition is more serious 
for rhodium than was the case for silver. Taking into 
account internal conversion and the cascade transition, 
it is found that the values vary from 0.21 and 0.36 
x 10~** cm* (65-kev transition taken as pure M1) to 
0.15 and 0.45X10~** cm‘ (65-kev transition taken as 
pure £2) for the 305- and 365-kev transitions, respec- 
tively. The value of £2/M1 is not known for the 
65-kev transition. The best agreement with the theory 
of Coulomb excitation; i.e., the constancy of the 
B(E2),, for different incident proton energies for the 
305- and 365-kev transitions, is obtained when the 
65-kev transition is taken to be predominately M1. The 
ratio B(E2).. s5/B(E2).. 95 varies from 1.8 (65-kev 
transition M1) to 3.0 (65-kev transition £2). The ratio 
is expected to be 1.5 for rotational states if one assigns 
spin 3/2 to the 305-kev state and spin 5/2 to the 365-kev 
state. 

If one assumes that the B(£2), of the 65-kev transi- 
tion is comparable to those observed for the 305- and 


® Rietjens, van den Bold, and Endt, Physica 20, 107 (1954). 
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365-kev transitions, it follows that the 65-kev transition 
is predominantly M1 (£2/M=0.002). The value of 
B(M1) for the 65-kev transition on the assumption of 
pure M1 is 0.16. 


K. Palladium 


Excited states at 556-, 512-, and 430-kev in Pd™, 
Pd, and Pd, respectively, have been found from 
radioactive decay studies.” The 575-, 520-, and 445-kev 
y rays are thought to result from the excitation of these 
states. The 380-kev y ray probably results from the 
excitation of the first excited state in Pd" both because 
the excitation energy is a continuation of the observed 
trend for the other even-A isotopes of palladium and 
because the angular distribution exhibits a strong ani- 
sotropy characteristic of a 0-2-0 transition. 

Palladium has one odd-A isotope, Pd" (22 percent 
abundance). y rays resulting from the excitation of this 
isotope are probably present. One indication of this is 
this is that the angular distribution of the 445- and 
the 380-kev 7 rays are not quite in agreement with that 
expected for a pure 0-2-0 transition. However, a target 
enriched in Pd'®* is needed to clearly identify y rays 
from Pd. The values of B(£2),, given for Pd™* and 
Pd" are probably too large because of the contribution 
of y rays from the excitation of Pd. 


L. Molybdenum 


The 212-kev y ray is tentatively assigned to Mo. 
An excited state of this energy is observed in radio- 
active decay measurements.** Both the excitation energy 
and the B(E2),. are smaller than those observed for 
other nuclei in this region. 

The yield of the 540-kev y ray varies with proton 
energy in agreement with the Coulomb excitation 
theory when an excitation energy of 540-kev is as- 
sumed. The excitation energy and the B(E2),, suggest 
that this y ray results from the excitation of the first 
excited state in Mo™ (9.68 percent abundance). 

Radioactive decay studies indicate a first excited 
state of 770-kev for Mo”.** However, the assignment of 
the observed 770-kev y ray to excitation of Mo* leads 
to a B(E2),. which is somewhat larger than expected. 
This assignment also leads to the conclusion that no 
excitation is observed for Mo* (24 percent abundance). 
We have tentatively assigned this y ray to excitation 
of Mo*. (Possibly both Mo” and Mo” have first excited 


states at approximately 770 kev.) Targets of enriched 
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isotopes are required to establish with certainty the 
excitations of the isotopes of molybdenum. 


6. CONCLUSIONS 


The variation in cross section with incident proton 
energy has been studied for excitation of states in 
tantalum and gold, and no significant deviation from 
the variation predicted by the theory of Alder and 
Winther is found. In four cases the lifetimes of excited 
states obtained from the cross section for excitation 
may be compared to the lifetimes found from direct 
measurements using the delayed coincidences or the 
resonance fluorescence methods. The close agreement 
of the values is evidence that the theory correctly 
predicts the absolute cross section for excitation. 

The quantities B(E£2)4/B(E2),, (given in the last 
column of Table VI) are approximately 100 for nuclei 
well removed from closed shells (hafnium, tantalum, 
and wolfram). Platinum and gold have transitions for 
which B(E2)¢/B(E2),, is approximately 20. The 
B(E2)a/B(E2),, values for thallium are approximately 
3 except for the surprising case of the 410-kev transition 
in TP for which it is 100, The two £2 transitions 
measured in Pb” and Pb”? have B(£2), values much 
larger than those for transitions between pure neutron 
states and are instead comparable to B(E2),,. One 
may interpret this as an indication of the coupling of 
the neutron states to the nuclear surface. The fact that 
B(E2)4/B(E2),, values of 20 are observed for nuclei 
with 47>Z>42 is evidence of collective motion for 
states of medium weight nuclei. 

The values of B(M1)4 are found to be smaller than 
B(M1),, by factors of 2 to 2000. 

Even for the most highly deformed nuclei studied 
(hafnium, tantalum, and wolfram), the values of Qo 
based on the observed B(E2) are smaller than those 
based on the observed excitation energy. The ratio of 
(Qo)surm/(Qo)ex is found to be rather constant. For 
example, B(E2)4 changes by a factor of 5 for transitions 
in hafnium and platinum, yet there is no significant 
change in the ratio (Qo)acen/(Qo)eze. The medium 
weight elements also have approximately the same 
value for this ratio as that for the heavy elements. 

We thank Professor G. Breit for his interest in our 
work and, in particular, for suggestions concerning the 
analysis of the thin target yields. It is a pleasure to 
acknowledge the helpful discussions with Dr. M. E. Rose 
and Dr. L. C. Biedenharn. 
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The angular distributions of gamma rays with respect to the incident proton beam on a thick target 
have been measured for gamma rays following Coulomb excitation in Pt, Au’, Ta'™, Ag? Pd*, 
Pd®*, Pd'®, and Rh. The observed angular distributions deviate considerably from the semiclassical 
‘ theory of angular distributions of gamma rays following Coulomb excitation given by Alder and Wirther. 
Empirical curves of energy-dependent coefficients a,(¢) for a thick target are obtained from the results for 
Pt! and Pd*. With these empirical coefficients, information on the spin sequences and the character 
of the gamma transitions are deduced from the angular distribution measurements in the odd mass nuclei. 
The spin sequences are as follows: 7/2(£2)3/2 and 5/2(£2+-M1)3/2 with 6,=—0.75 (where 5,7 £2/M1) 
, for the 550- and 277-kev transitions, respectively, in Au"; 11/2(#2)7/2 and 11/2(£24+-M1)9/2 with 
6,=0.51 for the 303- and 166-kev transitions, respectively, in Ta; 5/2(£2)1/2 and 3/2(£24-M1)1/2 with 
6,=—0.19 or —1.14 for the 427- and 325-kev transitions, respectively, in Ag®’"; and 5/2(£2)1/2 and 

3/2(E2+M1)1/2 with 6,=—0.18 or —1.17 for the 365- and 305-kev transitions, respectively, in Rh. 


1, INTRODUCTION 


LDER and Winther,' using a semiclassical treat- 

ment, have derived explicit expressions for the 
angular distribution of the gamma radiation following 
Coulomb excitation. They find that the angular dis- 
tribution of the gamma radiation with respect to the 
incident particles is similar to the angular correlation 
between two gamma rays in cascade. The distribution 
function is 


W (@)=1+ >, A,a,(£)P,(cos6), (1) 


where the coefficients A, are the gamma-gamma direc- 
tional angular correlation coefficients tabulated by 
Biedenharn and Rose? for the spin sequence j;(£2)j(L2)j2 
and the j’s are the spins of the target nucleus, the 
Coulomb excited state, and the final state after gamma- 
ray emission, respectively. The coefficients a,(€) which 
depend on the excitation process through the parameter 
t have been evaluated by numerical methods for electric 
quadrupole excitation by Alder and Winther. 

Several workers’ have reported agreement between 
theory and experiment for the angular distribution of 
the 303-kev gamma ray of Ta'* and the 550-kev gamma 
ray of Au'’. However, our measurements have shown 
significant deviations from theory. For instance, the 
energy coefficient a2(f) was observed to be 17 percent 
smaller than theoretically expected at E,=4.0 Mev for 
the 303-kev gamma ray in Ta'* on the assumption that 
the spin sequence is 7/2(£2)11/2(£2)7/2. The results 
given in this paper suggest that the apparent agreement 
between theory and experiment found by the other 
workers is in part the result of the choice of the incident 
proton energy used in their experiments. 

To further test the theory, the angular distributions 


'K. Alder and A. Winther, Phys. Rev. 91, 1578 (1953). 

? L. C. Biedenharn and M. FE. Rose, Revs. Modern Phys. 25, 729 
(1953) 

+ Eisinger, Cook, and Class, Phys. Rev. 94, 735 (1954); 95, 
628(A) (1954); 96, 658 (1954) 

*W. I. Goldburg and R. M. Williamson, Phys. Rev. 95, 767 
(1954). 


of the gamma rays from Coulomb excited states of 
spin 2 have been examined. In these cases the spin of 
the excited state is known from gamma-gamma direc- 
tional angular correlation measurements whereas the 
spins for the states of the odd-mass nuclei mentioned 
above were not known with certainty. The spin se- 
quence 0(£2)2(£2)0 is particularly suitable because the 
coefficients A, are large. In addition, for the cases that 
have been examined in these experiments, the 
gamma-gamma directional angular correlation measure- 
ments have shown no observable influence of extra- 
nuclear fields. This point is important for proton- 
gamma angular distribution measurements where 
a target in the solid state is necessary. 

A number of other proton-gamma ray angular dis- 
tributions have been measured and the results are 
presented. In cases for which the spin of the Coulomb 
excited state is known from other measurements, the 
energy dependent coefficients a,(£) for a thick target 
are tabulated. The observed deviations from theory are 
rather large. Finally, an interpretation of the results, 
in combination with the empirically determined energy- 
dependent coefficients, is discussed. 


2. APPARATUS 


The ORNL 5.5-Mv Van de Graaff accelerator was 
used to produce a separated beam of protons. Metallic 
targets which were thick to protons (the range of the 
protons being <100 mg/cm’) but thin for the gamma 
rays were oriented at 45° with respect to the incident 
protons. The targets (<100 mg/cm*) were prepared 
from thin foils or were electrodeposited onto 0.005-inch 
nickel. For the detection of the gamma rays, a scintil- 
lation spectrometer employing a NaI crystal 1.5 inches 
in diameter and 1 inch thick mounted on a DuMont 
6292 photomultiplier was used. In all angular distribu- 
tion experiments the front face of the crystal was located 
at distances 10.0 or 13.5 cm from the target. To 
suppress the characteristic K x-rays from the target 
produced by the impinging protons by factors of 10 
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to 10’, a graded shield was placed in front of the Nal 
detector. The graded shields were as follows: for targets 
with Z>78 the shield consisted of 0.010 inch of Ta 
plus 0.030 inch of Sn plus 0.005 inch of Cu; for a Ta 
target the shield consisted of 0.040 inch of Sn plus 
0.005 inch of Cu; and for targets with 45<Z<53 the 
shield consisted of 0.0035 inch of Mo plus 0.005 inch of 
Cu. Most of the data in these experiments were recorded 
automatically at 10° increments from 0° to 90° and 
from 210° to 270°. The time for the collection of a 
fixed number of counts was printed on a paper tape by 
a printing timer and the integrated current was re- 
corded by a traffic counter. The angular positions were 
changed manually. To assure that the axis of rotation 
of the detector passed through the target, the following 
alignment procedure was used. The position at which 
the proton beam impinged on the target was located. 
A source of Cs’ of the same area as the beam was 
placed on the target at this position. The axis of rotation 
was adjusted until counting rates showed that the 
variation in the solid angle subtended by the detector 
at the target as a function of angular position was less 
than 0.5 percent. The position of the beam on the 
target was observed to remain fixed as a function of the 
beam energy 


3. DISCUSSION OF METHOD 


Angular distribution measurements of the gamma 
rays were carried out with either a single-channel or a 


multichannel pulse-height analyzer of the ORNL 
design. In the measurements with a single channel the 
window of the analyzer was always operated to include 
only the full energy pulse spectrum peak of the gamma 
ray. In the case of the multichannel measurements, the 
full energy pulse spectrum peak was observed and the 
area of the peak was taken as a measure of the intensity 
After each measurement of the intensity at an angle @, 
the intensity was measured either at @= 90° or at @=0°. 
In this way the intensities could be corrected for changes 
in gain of the detector or fractional acceptance of the 
window of the single-channel analyzer. In all cases, the 
intensities have been corrected for the bremsstrahlung 
continuum by measuring the intensity of the brems- 
strahlung as a function of @,;. For angular distribution 
measurements involving Z>73 a Bi target electro- 
deposited onto nickel was used and for measurements 
involving Z~50 a tin target was used. Bi and Sn targets 
are well suited for this purpose because of the absence 
of gamma rays from Coulomb excitation. We believe 
the extrapolation to neighboring Z will give little error 
since our investigations of the bremsstrahlung process 
show relatively little change in character with a small 
change in Z. In general for the measurements to be dis- 
cussed below the intensity of the bremsstrahlung in the 
angular distributions was never more than a few percent 
of the gamma-ray intensity from Coulomb excitation. 
Finally, a correction for the attenuation of the gamma 
rays in the target and target backing as a function of 6; 
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was applied to the observed intensities. If this correction 
was no larger than 5 percent, a computed attenuation 
using the absorption cross sections taken from NBS- 
10035 was applied. If the correction was larger, the 
attenuation was measured directly by placing a source 
of gamma radiation of the same energy on the target. 
A least squares fit of the corrected intensities (with the 
appropriate weight factors) in terms of a series of 
Legendre polynomials, 


W (0) = Q@o'+ @2/ P:(cos8)+ @,' P, (cos), (2) 


was carried out on an I.B.M. calculator. The standard 
deviations quoted in Table I have been obtained 
from Eq. (30) in a paper by Rose.* The values of &, 
defined by Eq. (27),* clustered about unity indicating 
that nonstatistical errors were not large. A least-squares 
fit of each set of data in terms of a series of cos*"@ was 
carried out to serve as a check on the I.B.M. calcula- 
tions. In Table I we tabulate (a,A,).x», which have 
been corrected for finite angular resolution® and are 
defined as 


(a,A exp = d,, ‘Ao. 


4. MEASUREMENTS AND RESULTS 
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From the 8 decay of Ir™ and Au™, the first excited 
states in Pt™ and Pt are known to exist at 330 and 
358 kev, respectively. Directional angular correlation 
measurements’ have verified the spin assignment of 
2 for these excited states. 

The differential pulse-height spectrum of the gamma 
radiation from platinum for E,=5.0 Mev is shown in 
an accompanying paper.” The proton-gamma angular 
distribution of the 330- and 358-kev gamma rays taken 
together has been measured for E,=2.5 to 5.0 Mev. 
The results are tabulated in Table I. All entries in 
Table I represent the mean of several determinations of 
the angular distribution coefficients. A comparison 
between theory and experiment is shown in Fig. 1. The 
solid curves labelled “theory” are the thick target 
energy-dependent coefficients (a,), deduced from the 
excitation cross section and the thin target coefficients 
a, given by Alder and Winther. A procedure for ob- 
taining (a,), will be discussed in Sec. 5 The observed 
energy dependence of the coefficients for a thick target 
deviates considerably from the theory. 

The second excited states in Pt and Pt" are known 
to have spin 2.** If these states were appreciably 
excited by Coulomb excitation, then the observed 
proton-gamma angular distribution would be a com- 


*G. R. White, National Bureau of Standards Circular NBS-1003, 
1952 (unpublished). 

*M. E. Rose, Phys. Rev. 91, 610 (1953). 

? J. J. Kraushaar and M. Goldhaber, Phys. Rev. 89, 1081 (1953) 

* R. M. Steffen, Phys. Rev. 89, 665 (1953). 

* Mandeville, Varma, and Saraf, Phys. Rev. 98, 94 (1955). 

* P. H. Stelson and F. K. McGowan, preceding paper [Phys. 
Rev. 99, 112 (1955)]. 
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Fic. 1. Thick-target energy-dependent coefficients deduced 
from the angular distribution measurements of the 330-kev and 
358-kev gamma rays from Pt™ and Pt™ as a function of the 
incident proton energy. The curves labelled “theory” are the 
thick-target energy-dependent coefficients deduced from the total 
cross section for excitation and the the thin-target coefficients 
given by Alder and Winther. 


posite angular distribution function. Any significant 
excitation of the second excited states can be excluded 
in these isotopes for the following reasons. Recent 
measurements by Johns and Nablo" indicate that the 
second excited state is at 620 kev in Pt™. The intensity 
ratio of the cascade gamma ray to the cross-over gamma 
ray is 3. From the differential pulse-height distribution 
of the gamma radiation resulting from 4.5-Mev protons 
incident on a thick platinum target we find that the 
excitation of the 620-kev state in Pt™ relative to the 
direct excitation of the 330-kev state is less than 3 
percent. The contribution of 330-kev gamma rays 
resulting from excitation of the second excited state to 
the observed angular distribution function is less than 
2 percent. 

In Pt, the second excited state is at 688 kev and 
decays 99 percent of the time by a cascade gamma ray 
of 330 kev which is 95 percent £2 radiation and 5 
percent M1 radiation.’ Assuming the reduced transition 
probability for excitation of the 688-kev and 358-kev 
levels are equal, the yield of 330-kev gamma rays by 


" M. W. Johns and S. V. Nablo, Phys. Rev. 96, 1599 (1954) 
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the cascade transition in Pt" relative to 330- and 358- 
kev gamma rays would be 5, 7, 10, and 13 percent at 
E,=3.5, 4.0, 4.5, and 5.0 Mev, respectively. However, 
the reduced transition probability for the 358-kev 
transition in Pt™ is 20 times larger than independent 
particle theoretical estimate [see Eq. (VII. 9) given by 
Bohr and Mottelson }.* Consequently, the assumption 
made above, i.e., that the reduced transition probability 
for excitation of the 682-kev state is equal to that for 
the 358-kev state, requires the reduced transition 
probability for the 330-kev cascade to be 4X 10° times 
larger than the independent particle estimate and this 
seems rather unlikely. 


B. Au'”’ 


& The proton-gamma angular distributions of the 
550-kev and 277-kev gamma rays in Au’ have been 
measured by several workers.’ Spins of 7/2 and 5/2 
for the 550-kev and 277-kev levels, respectively, were 
deduced from their measurements. For the 277-kev 
transition Goldburg and Williamson,‘ and Eisinger et 
al.* obtained E2/M1=0.07 and 0.59, respectively, by 
applying the energy-dependent coefficients a, given by 
Alder and Winther to their angular distribution 
measurements. Measurements of the proton-gamma 
angular distributions have been carried out for the 
550-kev gamma ray in Au’ using thick and thin targets 
and for the 277-kev gamma ray in Au’ using a thick 
target. The thin target was prepared by spot-welding 
a thin Au foil on a Bi backing which was electrode- 
posited on nickel. The Bi backing served as a catcher 
for the protons emerging from the Au target. The results 
of the measurements are tabulated in Table I. The 
measurements for the 277-kev radiation have been 
treated as entirely the result of direct excitation of 
277-kev level. The cascade radiation (273-, 277-kev 7 
rays) from the 550-kev level contributes about 4 percent 
to the intensity of 277-kev gamma radiation” at 
E,=4.0 Mev. 


C. Ta'* 


The proton-gamma angular distribution of the 303- 
kev gamma ray in Ta'* has been measured by several! 
workers’“ and a spin of 11/2 for the 303-kev level was 
deduced from their measurements. In addition to 
measurements of the proton-gamma angular distribu- 
tion of the 303-kev gamma ray we have measured the 
proton-gamma angular distribution of the 166-kev 
cascade gamma ray from the 303-kev state. For the 
latter measurements, the window of the analyzer was 
set on the high energy edge of the 166-kev full pulse 
spectrum peak in order to exclude the detection of 
137-kev gamma radiation. The results of the measure- 
ments are tabulated in Table I. 


"A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab. 
Selskab, Mat.-fys. Medd. 27, No. 16 (1953). 








D. Ag'o7.109 and Rh!" 


Proton-gamma angular distribution measurements 
have been carried out for the gamma rays in Ag’? 
at E,=2.5 Mev using thick targets of normal silver 
and for two gamma rays in Rh’ at E,=1.7 to 2.9 Mev 
using thick targets. Since the completion of our dis- 
tribution measurements, Heydenburg and Temmer™® 
have reported that the two corresponding excited states 
in Ag” and Ag’ differ by only a few kev. As a result 
the measurements for Ag’ tabulated in Table I 
represent angular distribution coefficients of a com- 
posite angular distribution function. A comparison of 
the results with the observed angular distributions for 
the two gamma rays of Rh" indicates that the angular 
distribution coefficients for Ag"”’ are meaningful, i.e., 
the spins of the corresponding Coulomb excited states 
in Rh™, Ag"*’, and Ag’ and the character of the gamma 
radiation are the same. 


E. Pd 


Proton-gamma angular distributions have been 
carried out for the 445-kev gamma ray at E,=2.5 Mev 
and for the 380-kev and 520-kev gamma rays at E,= 2.1 
to 2.9 Mev using thick targets of palladium. A differ- 
ential pulse-height spectrum of the gamma radiation 
from palladium produced by Coulomb excitation is 
shown in the accompanying paper.” The results of 
measurements are tabulated in Table I. The 520-kev 
gamma ray is attributed to Pd resulting from the 
decay of the well-known 513-kev level observed in the 
B-decay of Rh'*. From gamma-gamma directional 
angular correlation measurements the spins of the first 
and second excited states of Pd are knéwn to be 2 
and 0, respectively, and the"angular correlation meas- 
urements are not disturbed by extranuclear fields.” 
The very short lifetime” of the intermediate state 
deduced from the reduced transition probability for 
excitation of the first excited state in Pd lends support 
to this latter statement. The second excited state in 
Pd ‘is, of course, not excited by Coulomb excitation. 
As a result the angular distribution measurements of 
the 520-kev gamma ray serve to test the angular dis- 
tribution theory for medium weight nuclei. 


5. DISCUSSION OF RESULTS 


In order to compare experimental angular distribu- 
tion coefficients for a thick target with theory, we must 
evaluate the expected thick target coefficients. Now, 
Alder and Winther'-'* have given both the total excita- 
tion cross section and the angular distribution of the 
gamma rays with respect to the incident protons for 
excitation by the electric quadrupole field. The differ- 


%N_ P. Heydenburg and G. M. Temmer, Phys. Rev. 95, 861 
(1954). 

“FE. D. Klema and F. K. McGowan, Phys. Rev. 92, 1469 
(1953) 

4% K. Alder and A. Winther, Phys. Rev. 96, 237 (1954). 
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ential cross section at a given energy E is 


do(E)/dQ=a(E)W (6), (3) 
where 
4*mB(E2) 
o(E) = ———_——F yg (£) 
25Z27eh* 


and W (6) is given by Eq. (1). For the differential cross 
section from a thick target for an incident proton 
energy £, in the laboratory system, we have 


(4) 


dQ 


da( Ey) (= 
; dE/dpx — 


We therefore have that the expected coefficient of the 
Legendre polynomial P, for a thick target is given by 


@,(E,) Bi g(E)a,(E)dE Big(E)dE 
a ae 
Qo( E,) 0 dE/dpx 0 dE/dpx 


or the thick target energy-dependent coefficient is 


- 4 


1 @,(E,) 


i (6) 
A, Qo(E,) 


[ a,( Ey) | = 


Now let us change from E to the variable £, where 


~*(- -) 
t= ~ : (7) 
h Ty v; 
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Fic. 2. The function ¢ for representative cases plotted as a 
function of £ 
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Fic. 3. Thick-target energy-dependent coefficient a2(¢) deduced 
from angular distribution measurements plotted at a value of £ 
corresponding to the incident proton energy on the thick target 
The solid curve labelled “theory” represents the thick-target 
energy-dependent coefficient [a2(£;)y as given by Eq. (9). 


For any given case we have 


f oat fs odé 
Ca,(E) |, i] /f (8) 
~ aE /dpx dt/dE . aE/dpx dt/dE 


Now for the cases of interest it is found that the energy- 
dependent part of 


go 


dE/dpx dt/dE 


which we shall call ¢, where 


K*(E—AE/K)g:(é) 


dE/dpx dt/dE 


as a function of & has very nearly the same shape for 
different Z, and AE. In Fig. 2, @ has been plotted as a 
function of £ for representative cases, namely ; AE = 200 
to 550 kev and incident proton energies of practical 
interest. We then have 


&i £5 
[ a, (é,) = oa,(eyae / f odé. (9) 


Thus, according to the theory of Alder and Winther, it 
follows that [a,(&,) ], es & will be nearly an unique 
function. Or to put it differently, if many different cases 
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are measured one would expect the resulting points 
a,(£,)ex» to fall on a smooth curve as a function of &;. 

A comparison between theory and experiment is 
shown in Figs. 3 and 4 for the cases of Pt'** and Pd! 
where the spin of the Coulomb excited state is known 
with reasonable certainty. The solid curves labelled 
“theory” represent the expected thick target energy- 
dependent coefficient [a,(£,) ], given by Eq. (9) using 
for a, the numerical calculations of Alder and Winther. 
For Pd, the deviations of the observed energy- 
dependent coefficients from theory for a thick target 
are even larger than they are for Pt™-**. In addition 
the coefficient a2(£;)ex» seems to have a Z, dependence 
over and above that contained in the parameter &. 

The effect of multiple scattering of the protons by 
Rutherford scattering as they traverse a thick target 
on the angular distribution coefficient [a,(£,) ], should 
be discussed. Let us consider a proton-gamma angular 
distribution experiment, where W (6;) is the correlation 
function and F(@’) is the multiple scattering function 
due to Rutherford scattering. The probability that any 
proton from the collimated incident beam is multiple 
scattered through an angle @ in the target prior to a 
nuclear excitation and that the resulting gamma ray is 
correlated to the multiple scattered proton by W(@,) is 


p= { a,w or). 


Goudsmit and Saunderson"* have already expressed the 
multiple Rutherford scattering function as a series in 
Legendre polynomials for the case of electrons. Their 
treatment is exact if one considers electrons with the 
same total path length in the scatterer. Thus, the coef- 
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Fic. 4. Thick-target energy-dependent coefficient a4(¢) deduced 
from angular distribution measurements plotted at a value of £ 
corresponding to the incident proton energy on the thick target. 
The solid curve labelled “theory” represents the thick-target 
energy-dependent coefficient [¢,4(;)}, as given by Eq. (9). 


*S. Goudsmit and J. L. Saunderson, Phys. Rev. 57, 24 (1940). 
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ficients G, (coefficients of the Legendre polynomials 
representing the multiple Rutherford scattering func- 
tion) given by Goudsmit and Saunderson should be 
applicable to the case of protons. A solution of this 
problem on the effect of multiple scattering on the 
proton-gamma angular distribution is similar to the 
effect of scattering of electrons in a conversion electron- 
gamma angular distribution.'? The form of the corre- 
lation function is unchanged and each coefficient @,A, 
becomes multiplied by an attenuation factor G,. We 
have evaluated the effect of multiple scattering on the 
thick target angular distribution coefficients by re- 
piacing a,(&) in Eq. (9) by a,(£)G, and considering the 
case a,(£) is constant. The results are tabulated in 
Table II. The effect of multiple Rutherford scattering 
on the observed thick target energy-dependent coef- 
ficients is in the right direction but is not nearly large 
enough to account for the difference between curves 
(1) and (2) of Fig. 3. In any case the attenuation coef- 
ficients for multiple scattering are significant and should 
be included in the analysis of thick target angular dis- 
tribution measurements. The coefficients in Table I 
have not been corrected for multiple Rutherford Scat- 
tering because we have no satisfactory thin target a, 
from which we could evaluate these attenuation coef- 
ficients for a thick target. 

Since the deviations between theory and experiment 
appears to be rather large, we have chosen to analyze 
the remainder of the data in Table I using empirically 
determined energy dependent coefficients from a plot 
of a,(£exp vs £;. For neighboring nuclei this method of 
presenting the data appears to be useful. Of the possible 
spin sequences that need to be considered for the 550-kev 
and 303-kevy gamma rays in Au’ and Ta’, respec- 
tively, on the assumption that the radiation is E2, only 
the spin sequences suggested originally by Eisinger 
et al and by Goldburg and Williamson‘ yield energy 
dependent coefficients a2(f;)ex, that agree with the 
empirical [a2(&,) ], given in Fig. 3. These additional 
coefficients determined from the Au’ and Ta data 
are tabulated in Table I and are’ plotted in Fig. 3. 

In general, for odd mass nuclei, the radiation from 
the first Coulomb excited state and the cascade radia- 
tion from the second Coulomb excited state will be 
E2+-M1 radiation. In addition to inferring the spin of 
the excited states, information on the ratio of the 
quadrupole to dipole intensity is obtained from angular 
distribution measurements. We have applied the em- 
pirical [a2(&,) ], to our data for Au” and Ta" and for 
the indicated spin sequence in Table I. From the 
tabulated (A»).x, for the 277-kev transition in Au’ 
one finds 6,=— (0.754+0.20) where 6, is the ratio of 
the squares of the reduced matrix elements* and is 
defined as the intensity ratio (in this case) of quad- 
rupole to dipole radiation in the gamma-ray transition. 
The large uncertainty in 6, results from the fact that 


S. Frankel, Phys. Rev. 83, 673 (1951). 
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TaBLe II. Attenuation coefficients for multiple Rutherford 
scattering for proton-gamma angular distributions from thick 
targets for the case a,(£) is constant. 


Pr AE =330 kev Rh AE «365 kev 
E,(Mev) G: & Ey (Mev) G: Gu 
5.0 0.955 0.841 2.9 0.980 0.940 
40 0.961 0.872 2.5 0.982 0.946 
30 0.971 0.916 2.1 0.985 0.956 
2.0 0.988 0.961 1.7 0.989 0.969 


A, has a broad maximum at 6= —0.75. This value of 
6,7 is in good agreement with that deduced from K-shell 
internal conversion coefficient measurements.'* The 
data for the 166-kev transition in Ta'®™ lead to 6,=0.51 
or 3.0. The former value agrees with the 6,° deduced 
from a K/L ratio measurements.” This sign and mag- 
nitude of 5:66 is identical to 8;97 of the 137-kev transition 
in Ta!*!. 

Huus and Lunden*™ have suggested spin assignments 
for the Coulomb excited states in Ag"? from the 
position of the levels using the nuclear model of Bohr 
and Mottelson.” Heydenburg and Temmer™ have 
reached similar conclusions for Ag’ and Rh'®. The 
signs of the angular distribution coefficients (@24 2) ex» 
in Table I fix the level order as 1/2, 3/2, and 5/2 inde- 
pendent of a nuclear model. The angular distribution 
data for the 427-kev and 365-kev transitions in Ag’®’ 
and Rh", respectively, yield additional! determinations 
of a,(&;) for a thick target and are plotted in Figs. 3 
and 4. These additional data are in good agreement with 
the empirical curve deduced from the proton-gamma 
angular distribution measurements of Pd™*. Using these 
empirical data the spins of the 325-kev and 305-kev 
states in Ag’? and Rh™, respectively, and the char- 
acter of the radiation are deduced from the angular 
distribution data. Actually, the observed angular dis- 
tributions are composite functions, namely: proton- 
gamma angular distribution function for the direct 
excitation of the 325-kev or 305-kev levels and the 
proton-gamma angular distribution function for 325-kev 
or 305-kev gamma rays by excitation of the 427-kev and 
365-kev levels and not observing the cascade transitions. 
This latter distribution function is not known explicitly, 
although we do know approximately what fraction of 
the observed 325-kev and 305-kev gamma rays result 
from direct Coulomb excitation of the 325- and 305-kev 
levels.” For the 325-kev transition in Ag’? about 96 
percent of the gamma rays observed are the result of 
direct Coulomb excitation of the 325-kev level. If we 
assume that the reduced £2 transition probabilities for 
the 65- and 365-kev transitions in Rh are equal, 
then the cascade transition must be predominantly 
M1(E2/M1=0.002) or 86 to 92 percent of the 305-kev 





Huber, Halter, Joly, Maeder, and Brunner, Helv. Phys. 
Acta 26, 591(A) (1953). 

* T. Huus and J. H. Bjerregaard, Phys. Rev. 92, 1579 (1953). 

*F. K. McGowan, Phys. Rev. 93, 471 (1954). 

" T. Huus and A. Lunden, Phil. Mag. 45, 966 (1954). 
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gamma rays result from direct Coulomb excitation of 
the 305-kev level. In the absence of any additional in- 
formation, we have treated the data as resulting from 
the direct Coulomb excitation of the 305-kev level. 
The constancy of (A2)exp for different E, for the 305- 
kev transition in Rh™ probably indicates that the dis- 
tribution functions entering into the composite function 
are nearly alike. 

In the treatment of the angular distribution data for 
the 380-kev and 445-kev gamma rays in Pd we assume 
that the transitions are in «Pd' and «Pd, respec- 
tively, as was done in the analysis of the yield data.” 
The trend of B(£2)/é with neutron number indicated 
that the transitions are predominantly in these isotopes. 
The angular distributions indicate that transitions are 
predominantly of the type 2(£2)0. The empirical coef- 
ficients (@2)«xp for these transitions are slightly smaller 
(the coefficients (a:)-x, for the 445-kev transition are 
more so than for the 380-kev transition) than those in 
Fig. 3 for Pd’, Ag’, and Rh™. This is not surprising 
since we have not attributed any of the gamma rays to 
Coulomb excitation of Pd'®* (22.23 percent). 


6. CONCLUSIONS 


The coefficients a,(£) are found to deviate consider- 
ably from those given by the semiclassical theory of the 
process. The fact that the points for heavy (or for 
medium weight) nuclei fall on a smooth curve indicates 
that the parameter £ correctly takes into account the 
excitation energy and the exciting proton energy. How- 
ever, from the fact that two distinct curves are obtained 
we conclude that the dependence on Z; is not correctly 
accounted for. Recently, Biedenharn and Class” have 
obtained an exact result for the particular case of no 


#L. C. Biedenharn and C. M. Class, Phys. Rev. 98, 691 (1955) 


F. K. McGOWAN AND P. H. STELSON 


energy loss (=0). The behavior of a2 for this special 
case as a function of the parameter 7= Z,Z,.e*/hv shows 
appreciable deviations from the classical limit. It is 
clear that more accurate calculations of the angular 
distribution coefficients a, are needed. Inferring spins 
of Coulomb excited states using a nuclear model is not 
very satisfying. One would prefer to arrive at the spins 
more directly from angular distribution measurements. 

For pure multipole radiation from heavy nuclei, one 
might deduce the correct spin assignment from the 
existing calculations by Alder and Winther. However, 
for the medium weight nuclei the deviations between 
experiment and theory are larger and the deduction of 
the correct spin assignment would be less certain. In 
odd-mass nuclei, the radiation from the first Coulomb 
excited state and the cascade radiation from the second 
Coulomb excited state will in general be E2+ M1 radia- 
tion. In addition to inferring the spin of the excited 
states, information on the ratio E2/M1 can be deter- 
mined from the angular distribution measurements. A 
determination of this ratio demands an accurate 
knowledge of the coefficients a,. 

From the results discussed in this paper, it appears 
possible to use empirically determined energy-dependent 
coefficients a, for a thick target to interpret angular 
distribution measurements involving pure or mixed 
multipole transitions in neighboring odd-mass nuclei. 
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Observation of a 193-Millimicrosecond Metastable Level in Pu***t 


D. ENGELKEMEIR AND L. B. MacGnusson 
Chemistry Division, Argonne National Laboratory, Lemont, Illinois 
(Received February 11, 1955) 


A metastable level in Pu* with a half-life of 193 myusec has been observed in the beta decay of Np™. 
This metastable state is assigned to a level 382 kev above the ground state of Pu™, and appears to de-excite 





by parallel 61- and 105-kev £1 gamma transitions. 





METASTABLE level in Pu” with a half-life of 

193 myusec has been observed in the beta decay 
of Np™. Delayed coincidences were measured with a 
coincidence circuit similar to that described by Mc- 
Gowan.' Anthracene and sodium iodide scintillation 
counters served as beta and gamma detectors, respec- 
tively. Pulse-height analyzers accepted integral betas 
above 30 kev and integral gammas above 40 kev. 
Delays were introduced by means of calibrated lengths 
of Transradio C.22 coaxial cable or RG 65/U delay 
cable. A typical delay curve is shown in Fig. 1. Three 
measurements with RG 65/U cable gave half-lives of 
192, 193, and 194 mysec; and a single measurement 
with C.22 cable gave a half-life of 192 mysec. 

A search for gamma or x-radiation preceding the 
metastable level yielded nvgative results. It is estimated 
that the abundance of gamma transitions with energies 
greater than 23 kev populating the 193-mysec level 
must be less than one percent of the beta disintegration 
rate. 

The beta spectrum leading to the formation of the 
193-mysec level was measured with an anthracene 
scintillation spectrometer used in conjunction with the 
delayed coincidence circuit. A resolving time, 27, of 
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Fic. 1. Delay curve of 8-y coincidences in Np™. 


at Based on work performed under the auspices of the U. S. 
Atomic Comm 
'F. K.M an, Phys. 1 Rew. 93, 163 (1954). 


83 mysec and a beta delay time of 111 mysec were 
employed. Beta-conversion electron energy addition in 
the anthracene crystal was minimized by the use of a 
small solid angle (3.4 percent). A Kurie plot of the 
spectrum (Fig. 2) gives a maximum beta energy of 
343 kev. This energy corresponds closely to the energies 
reported for the lowest-energy component in the total 
beta spectrum of Np**. Tomlinson e/ a/.* obtain 330 kev 
and Freedman ef al.* 329 kev for the lowest energy 
component. The low-intensity tail on the curve of 
Fig. 2 is probably due to beta and conversion electron 
energy addition in the anthracene crystal. According 
to the decay schemes proposed by Fulbright,‘ and 
Asaro and Perlman® (Fig. 3), the 330-kev beta leads 
to a level in Pu™ which is 382 kev above the ground 
state. This level de-excites principally either by a 
105-kev gamma transition to the 1.1-mysec level in 
Pu” reported by Graham and Bell® or by a 61-kev 
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Fic. 2. Kurie plot of the beta spectrum of Np™ leading to the 
formation of the 193-mysec level. 


* Tomlinson, Fulbright, and Howland, Phys. Rev. 83, 223(A) 
(1951). 

* Freedman, Wagner, Engelkemeir, Huizenga, and Magnusson 
(private communication, 1953) reported by Hollander, Perlman, 
and Seaborg, Revs. Modern Phys. 25, 469 (1953). 
ulbright (private communication to M. S. Freedman, 
February, 1 1952). 

Asaro and I. Perlman (private communication, November 

1982) vo hy omy by Hollander, Perlman, and Seaborg, Revs. 
25, 469 (1953). 

"7 L. Graham and R. E. Bell, Phys. Rev. 83, 222(A) (1951). 
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Fic. 3. Principal features of the disintegration scheme of Np™ 
(references 4 and 5) showing proposed position of the 193-mysec 
level. 


gamma transition. The total ZL conversion coefficient 
of the 105-kev gamma may be obtained by a comparison 
of the conversion electron and garnma intensities. The 
ratio, (a), of the number of Z conversion electrons of 
the 105-kev gamma to the total number of K conversion 
electrons (from higher energy transitions) was taken 
from the relative intensity data of Fulbright.‘ The 
ratio, (b), of the number of 105-kev gammas to the 
total number of K x-rays was measured by Day’ with 
a bent-crystal spectrometer. The total LZ conversion 
coefficient, Le~/y, is given by 


Le~/y= (a/b) X (1/f), 


where f is the K shell fluorescence yield of Pu. Substi- 
tuting the values: a=0.11, b=0.50, f=0.97, the total 
L conversion coefficient is found to be 0.23. 

The total Z conversion coefficient of the 61-kev 
gamma was calculated in the same way using the 
values: 0.066>a>0.031, and 6=0.08. The total L 
conversion coefficient thus lies between 0.4 and 0.9. 

The theoretical total Z conversion coefficients of 
Gellman, Griffith, and Stanley® for Z=92 were interpo- 
lated to give the values shown in Table I for gamma 
energies of 61 kev and 105 kev. On the basis of their Z 
conversion coefficients both the 61-kev and the 105-kev 
gammas are classified as F1. 


’ Paul Day (private communication, December, 1954). 
* Gellman, Griffith, and Stanley, Phys. Rev. 85, 944 (1952 
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From our scintillation spectrometer measurements, 
the absolute number of K x-rays plus 105-kev gammas 
was calculated to be 0.89 per disintegration. The 
disintegration rate of the sample was obtained from 
the growth of alpha activity of Pu™. From the pre- 
ceding data, the intensities of the unconverted 61- and 
105-kev gammas are calculated to be 0.05 and 0.30, 
respectively, per disintegration. With the addition of 
the conversion electron intensities, the total number of 
61 plus 105 kev transitions is found to be ca 0.5 per 
disintegration. This value is consistent with beta spec- 
trometer measurements of the intensity of the beta 
branch populating the 382-kev level. The following 
intensities have been reported for the 330-kev beta 
branch : 0.52,’ 0.47,° and 0.38* per disintegration. 

A check on the assignment of the 193-myusec meta- 
stable state to the 382-kev level was made by comparing 
the delayed and prompt coincidence rates in Fig. 1. 
If the beta and gamma detection efficiencies are 
assumed to be the same for delayed as for prompt 
events, the fraction of the total number of disintegra- 








Taste I. Theoretical total L conversion coefficients for Z=92. 








105 kev 





61 kev 
Fi 0.40 0.10 
E2 140 11 
M1 25 5.4 


tions which lead to the 193-mysec metastable state is 
found to be 0.29. Correction for the estimated effici- 
encies lowers the result to ca 0.20 which is significantly 
lower than the values reported for the intensity of the 
330-kev beta branch. The reason for this discrepancy 
is unknown. 

The following conclusions have been drawn from 
the data: 

(1) A metastable state of Pu™® with a half-life of 
193+4 musec is formed in 20 to 50 percent of the Np™ 
beta decays. 

(2) This metastable state is preceded by a 343215 
kev beta and is the highest level of Pu™ formed in ap- 
preciable yield as is evidenced by the lack of delayed 
gamma-gamma coincidences. 

(3) If the essential features of the currently accepted 
decay scheme for Np” are correct, this metastable 
level is 382 kev above the ground state and is de-excited 
mainly by E1 transitions of 61 and 105 kev. 
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Photodeuteron /Photoproton Yield from Sulfur 


Lavrence S. Rinc, Jr. 
Institute for Atomic Research and Department of Physics, lowa State College, Ames, lowa 
(Received March 16, 1955) 


An investigation of the relative deuteron/proton yield from sulfur, produced by irradiation with the 
Iowa State College 65-Mev synchrotron, was made by employing a 12-inch, helium-filled, magnetic cloud 
chamber as the means of detection. The average curvature and the range of each acceptable track were 
measured and were used to find an experimental mass histogram that provided a clear indication of proton 
and deuteron groups. Analysis of the mass histogram produced a ratio of deuterons to protons of 0.19-+0.04. 
It_is estimated that the corresponding ratio for an infinitesimally thick target is 0.15+0.04. 





INTRODUCTION 


HE ratio of deuterons to protons ejected from 

nuclei excited by high-energy x-rays has been 
studied with several elements. Data reported so far in 
the literature'~* are summarized in Table I. 

The present work to be described employed the cloud- 
chamber technique of Smith and Laslett® to determine 
the ratio of deuterons to protons from a thick sulfur 
target. 


METHOD 


A sulfur plate of thickness equivalent to the range of 
a 15-Mev proton was placed in a helium-filled, 12-inch, 
magnetic cloud chamber and was exposed to the 
collimated x-ray spectrum produced by 65-Mev elec- 
trons in the Iowa State College synchrotron. Approxi- 
mately 6600 stereoscopic photographs were taken at 
30-second intervals as the synchrotron was pulsed in 
coincidence with the cloud chamber. 

The film was reprojected through the optical system 


TaBLe I. Reported photodeuteron/photoproton yields. 


Maximum 
-Tay en 
Element Ratio “1a ee Reference 
Beryllium 0.21* 310 1 
Copper 0.14" 310 1 
Copper 0.31" 24 2 
Copper 0.76 65 3 
Cerium 0.05» 24 4 
Cobalt 0.02» 24 5 
Carbon 0.12" 310 1 
0.24 310 1 
Sulfur 0.154 65 present 
work 











* Two-crystal telescope at 90°. Both particles have 40-Mev average 


energy. — 

> Obtained with nuclear emulsion. Particles were identified by grain 
counting. 

°M ic cloud chamber. Particles in equal range and solid angle 
intervals. Measured protons were 1.1 to 1.8 Mev. Deuterons were in energy 
interval 1.2 to 2.3 Mev. 

4 Conditions identical to (c). Ratio computed for thin target based on 
thick target observations. 


! Edwards, Wolfe, Silverman, and DeWire, Phys. Rev. 95, 629 
(1954). 

*P. R. Byerly, Jr., and W. E. Stephens, Phys. Rev. 81, 473 
(1951). 

*W. H. Smith and L. J. Laslett, Phys. Rev. 86, 523 (1952). 

*M. E. Toms and W. E. Stephens, Phys. Rev. 92, 362 (1953). 

5M. E. Toms and W. E. Stephens, Phys. Rev. 95, 1209 (1954). 


of the stereoscopic camera, and 185 tracks were selected 
which (a) originated in the target, (b) had a minimum 
range of seven centimeters, (c) contained no point 
scattering, and (d) ended in the chamber at least one 
centimeter from the wall. 

The stopping power of the chamber atmosphere rela- 
tive to an air atmosphere was obtained by measuring 
the range of the 5.30-Mev alpha particles emitted from 
a polonium source placed in the cloud chamber. The 
range of each x-ray-induced track was measured and 
corrected to its air equivalent range by means of the 
measured stopping power of the cloud-chamber atmos- 
phere. The curvature and azimuth of each track, in a 
pulsed magnetic field of 4000 gauss, were measured and 
the curvature was corrected® to that of a track in a 
plane normal! to the magnetic field. 

The magnetic field encompassing the cloud chamber 
was measured with a proton resonance device. The 
field was found to be uniform to less than 0.5 percent 
over the entire volume occupied by the chamber. 


RESULTS 


The range and magnetic curvature of each track were 
used’ to determine its mass. A mass histogram was 
plotted (Fig. 1) which exhibits two well-defined peaks 
at the mass value of a proton and a deuteron. The 
experimental ratio of deuterons to protons from a thick 
sulfur target is 0.19+-0.04. 
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Fic. 1. Observed mass distribution of particles from sulfur. 


Ratio, of No. of deuterons to No. of protons=0.194-0.04. 


* R. Stokes, Phys. Rev. 84, 991 (1951). 
cbke Das Gupta and S. Ghosh, Revs. Modern Phys. 18, 225 
). 
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138 LAURENCE S. RING, JR. 
different energies. The range-energy relation for the 
cloud-chamber vapor was different for protons than 
for deuterons and gave a different energy range avail- 
able to be measured for each type of particle. Correc- 
tions for these two effects were applied to the theoretical 
energy distributions of particles from the thick target. 
The ratio of the number of protons to the number of 
deuterons in the two respective energy intervals is the 
correction that was applied to the experimental ratio. 
The corrected ratio of deuterons to protons from a thin 
sulfur target when irradiated by 65-Mev bremsstrahlung 
is 0.154+0.04. 

The author wishes to express his gratitude to Dr. L. 
J. Laslett and Dr. D. J. Zaffarano for many helpful 
discussions and for advice during the course of this 


experiment. 


To correct this ratio for target thickness, it was 
assumed that the target consisted of 63 thin lamina. 
An energy distribution for singly charged particles 
emitted from a compound sulfur nucleus* was attributed 
to each layer. Using range-energy relations® for sulfur, 
the energy distributions for protons and for deuterons 
that leave the thick target from each layer were de- 
termined. The contributions from all of the layers were 
combined to give composite energy distributions for 
the protons and the deuterons that emerge from the 
thick target. 

The cloud chamber physically limited the solid angle 
available for particles of different ranges and therefore 


* V. Weisskopf and D. Ewin, 
* J. Lindhard and M. Scha 


, Phys. Rev. 57, 472 (1940). 
, Phys. Rev. 85, 1058 (1952). 
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Elastic Scattering of Protons by F'*t 


T. S. Wess,” F. B. Haceporn, W. A. Fowzer, anp C. C. Lauritsen 
Kellogg Radiation Laboratory, California Institute of Technology, Pasadena, California 
(Received March 21, 1955) 


The differential cross section for the elastic scattering of protons by F” has been measured for proton 
energies from 550 to 1800 kev at center-of-mass angles of 90, 125.3, and 159.8 degrees and for proton energies 
from 1300 to 1500 kev at 53.2, 6&0, 70, 80, 100, 110, and 136 degrees. Marked scattering anomalies were 
observed for proton energies near 669 (1*), 843 (0*), 873 (2-), 935 (1*), 1346 (2-), 1372 (27), 1422 (1*), 
and 1700 kev. The indicated spin and parity assignments for the corresponding levels in Ne” are required 
by the results of this experiment or are consistent with them. Observations of the elastic scattering have 
also been mace in the regions of 340 and 480 kev at 159.8 degrees, and no anomaly was observed, in either 
case. The ambiguity in the choice of T',/T has been resolved for several of the Ne* levels. An approximate 
method of correcting the observed cross sections for the effects of finite energy resolution has been developed, 
and the relative stopping cross section for protons in lithium fluoride has been measured for proton energies 





from 400 to 1600 kev. 


I, INTRODUCTION 


HE study of the elastic scattering of protons by 
F was undertaken in connection with the recent 
investigations' at this laboratory of the low excited 
states in F”. The spin and parity assignments for 
these states as determined from the F"(p,p’y) reaction 
depend upon the assignments for the Ne™ states 
involved as resonances in the reaction, and the study 
of F"(p,p) was made to assist in the determination of 
the Ne™ assignments. 

In addition to the information regarding spin and 
parity, the study of the elastic scattering yields useful 
information in many cases concerning the partial 

+ Assisted by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 

* Dow Chemical Company Fellow, 1953-1954; International 
Business Machines C ration Fellow, 1954-1955. 

' Peterson, Barnes, Fowler, and Lauritsen, Phys. Rev. 94, 
1075 (1954); Thirion, Barnes, and Lauritsen, Phys. Rev. 94, 
1076 (1954) ; Sherr, Li, and Christy, Phys. Rev. 94, 1076 (1954) 
and 96, 1258 (1954); R. F. Christy, Phys. Rev. 94, 1077 (1954); 
Peterson, Fowler, and Lauritsen, Phys. Rev. 96, 1250 (1954); 
and C. A. Barnes, Phys. Rev. 97, 1226 (1955). 





widths of the levels in the compound nucleus. Measure- 
ments of the reaction cross sections, F"(p,p’) and 
F"*(p,a) and the total width, I’, permit the determination 
of the sum and product of the proton width, T’,, and 
the reaction width, [,+I',. The solution of these 
relations yields two sets of values for T, and '.t+Ty, 
and the size of the elastic scattering anomaly at the 
resonance may usually be used to resolve this ambiguity. 
A large anomaly generally indicates !,>I'.+T', and 
a small anomaly, ',<I.+Ty. 

The present article describes the experimental pro- 
cedure and results, and the analysis and interpretation 
of these data will be discussed in the following paper.’ 
Preliminary results of this experiment have been pre- 
sented to the American Physical Society, and similar 
measurements and results have recently been reported 
by Dearnaley.* 

In the course of this work, it was found desirable to 

Deweagag paper [Phys. Rev. 99, 145 Wy why 


= 7 
*Webb and Lauritsen, Phys. Rev. %6, 
&51(A) (1984) ; G. usar 'Phil. Mag. 45, 1213 (1954). 











ELASTIC SCATTERING OF PROTONS BY F!?* 


investigate the effects of finite energy resolution on the 
observed cross sections. A discussion of this problem 
and a description of an approximate correction pro- 
cedure are given in Appendix B. 


Il. EXPERIMENTAL PROCEDURE 


The protons were accelerated by the 2-Mv electro- 
static generator at this laboratory and were analyzed 
by an 80 degree electrostatic analyzer which maintained 
the beam homogeneous in energy to 0.05 percent. The 
proton beam was scattered from a thick LiF target 
placed at the object position of a 180-degree double- 
focussing magnetic spectrometer which is mounted to 
allow a continuously variable scattering angle from 0 
to 160 degrees with respect to the incident beam 
direction. The scattered protons were detected by a 
zinc sulfide scintillation counter placed at the exit slit 
of the magnetic spectrometer. The energy scale of the 
electrostatic analyzer was calibrated by observing the 
gamma radiation associated with the 873 and 1372-kev 
resonances‘ in the F"(p,ry) reaction. The magnetic 
spectrometer energy calibration and the effective solid 
angle were then determined by observing the protons 
elastically scattered from copper, assuming pure 
Rutherford scattering. A detailed description of the 
calibration procedure is given in Appendix A, 

LiF targets were prepared by pressing powdered LiF 
into a circular recess in a copper backing. The opposite 
face of the copper was polished so that the target could 
be rotated through 180 degrees to observe the scattering 
by copper for energy and solid angle calibration. Some 
evaporated LiF targets were used but it was found that 
for targets of sufficient thickness to mask the protons 
scattered from the copper backing, a few microcoulombs 
of bombardment would produce cracks in the LiF layer. 
The behavior of the pressed targets was, in general, 
satisfactory although new targets frequently gave high 
and erratic yields for the first one or two bombardments. 
This effect is probably due to difficulty in charge 
collection caused by the insulating nature of the target 
material before bombardment, although it could also 
be caused by the loss of fluorine from the target due to 
an initial fluorine excess or decomposition of LiF in the 
surface layers. As this effect was usually small (5-10 
percent) and not reproducible, the equilibrium values, 
reached after one or two bombardments, were used. In 
addition to this rapid change, a slow, reproducible 
decrease in yield with bombardment was observed. 
This was probably due to decomposition of the LiF 
and subsequent escape of fluorine or to dilution of the 
surface layers by carbon and oxygen deposited during 
bombardment. Corrections were made for this effect 
by linear extrapolation to zero bombardment. This 

‘Herb, Snowden, and Sala, Phys. Rev. 75, 246 (1949). The 
value 1372 kev is the result of recent measurements at this 
laboratory by Barnes, Mills, and Hilton [C. A. Phys. 
Rev. 97, 1226 (1955) ]. F. S. Mozer of this laboratory and H. B. 

ivate 


Willard of Oak Ridge National Laboratory give 1373 kev ( 
communication). The previously accepted value was 1381 
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2 
PROTON ENERGY (KEV) 


Fic. 1. The stopping cross section for protons (¢,) in fluorine, 
lithium, and lithium fluoride in units of 10- ev-cm*. The relative 
values for LiF were measured in this experiment and normalized to 
8.4X10~'* ev-cm* at 1 Mev. The values for lithium are from 
Bader et al.* and Warters.’ The values for fluorine are the difference 
between these. 


correction was usually kept to less than 5 percent 
by frequently changing to new target areas. Attempts 
were made to improve the target behavior by heating 
the LiF before pressing, but no noticeable improvement 
resulted from this treatment. The targets exhibited 
rapid discoloration on bombardment and would occa- 
sionally chip after long use. 

Thin target yields were obtained from the thick LiF 
targets by observing a given interval of the momentum 
spectrum of the scattered protons using the magnetic 
spectrometer. This technique has been previously dis- 
cussed by Brown et al.* and Snyder et al.* who give the 
appropriate expressions for obtaining the cross section 
and reaction energy. 

The calculation of the elastic scattering cross section 
involves the stopping cross section for protons in the 
target material, and therefore a determination of this 
quantity was necessary. The relative stopping cross 
section was obtained by evaporating a thin layer of 
LiF on a copper backing and observing the protons 
elastically scattered from the copper after traversing 
the LiF layer.’ The relative values were normalized to 
8.42 10~* ev-cm? at 1 Mev by assuming the stopping 
cross section of LiF to be the sum of the stopping 
cross sections for lithium and fluorine at this energy. 
The lithium value was obtained from the absolute 
measurement by Bader ef al.* at 440 kev which was 
used to normalize the relative values measured by 
Warters ef al.’ The fluorine value was obtained from 
the measured proton stopping cross section for neon,’ 
using 4-Mev alpha-particle data for neon” and 

ore Snyder, Fowler, and Lauritsen, Phys. Rev. 82, 159 
Oe Super, Rubin, Fowler, and Lauritsen, Rev. Sci. Instr. 21, 
852 (1950). 

7 Warters, Fowler, and Lauritsen, Phys. Rev. 91, 917 (1953). 

* Bader, Wenzel, and 1 Hone (private communication). 


* Chilton, ames ee Rev. 93, 413 (1953). 
bar, Wenzel, and Whaling, Phys. Rev. 92, 
742 {1983). 


"RR. W. Gurney, Proc. Roy. Soc. (London) A107, 340 (1925). 
'*G. Mano, Ann. Phys. 1, 408 (1934). 
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Fic. 2. The differential cross section for F"(p,p) as a function 
of proton bombarding energy at scattering angles of 90°, 125.3° 
and 160° *n the center-of-mass system. 


oxygen"* to determine the value for fluorine relative 
to neon. This procedure was believed to be more 
reliable at high energies and for this reason the normal- 
ization was made at 1 Mev, the highest energy for 
which proton data for neon was available. Oxygen" 
and neon’ proton data are both available at 600 kev, 
and normalization at this point gives values for LiF 
about 3 percent lower than those used. The final values 
for LiF are presented in Fig. 1, together with the values 
for lithium from Warters et al.’ and Bader ef a/.,* and 
the values for fluorine are taken as the difference of 
these." 

The major uncertainty in the cross section values is 
due to the uncertainty in the value of the LiF stopping 
cross section which we estimate to be about 5 percent. 
The probable error in the solid angle (involving the 
ratio of the elastic scattering cross section of copper to 
the stopping cross section for protons in copper) is 
about 3 percent. The uncertainty due to target compo- 
sition and behavior, estimated from the agreement of 
results from different targets, is also about 3 percent. 
This gives a probable error in the absolute values of 
6 percent. In addition, the irregularity of the target 
surface implied by the energy resolution of the experi- 
ment (Appendix B) could introduce a systematic error 
in the cross section values. Rough estimates of the size 
of this effect indicate that it is negligible at scattering 
angles larger than 90 degrees but that it could increase 
the observed yield by 5 to 10 percent at 60 degrees. 

The uncertainty in the relative cross sections is about 
5 percent arising from the uncertainty in the relative 
stopping cross sections (4 percent) and the possible 
variation in the effective solid angle (3 percent). The 
statistical uncertainty of each point is 1-2 percent, 
and the current integrator reproducibility is about one 
percent. 


Ill. EXPERIMENTAL RESULTS 


The results of these investigations are presented as 
the differential cross section in Fig. 2 and as the ratio 


4G. E. Gibson and H. Eyring, Phys. Rev. 30, 553 (1927). 

“ We are indebted to W. Whaling for making available to us 
the collection of stopping cross sections compiled by Fuchs and 
Whaling, and for many valuable suggestions regarding the 
determination of the stopping cross section of LiF. 
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of the observed cross section to Rutherford cross section 


in Figs. 3 and 4. The Rutherford differential cross 
section can be written as 


dow ZLo (se 6c 
a a) G) 
de Ey 














barn 
x 10-* (1) 
sterad 
dor Z:Z6 2 6, M, od M,; 4 
+r") fa) 
dQ, E 2 My M, 
barn 
x 10% (2) 
sterad 


For F"+p: 
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sterad 
In these expressions, E;, Z,, and M, are the laboratory 
energy, charge, and mass respectively of the incident 
particle; Zo and My apply to the nucleus at rest, and 
the subscripts C and L designate measurements in the 

center-of-mass and laboratory systems, respectively. 

The cross section was measured at center-of-mass 
angles of 90, 125.3, and 159.8 degrees for proton energies 
from 550 to 1800 kev and at angles of 53.2, 60, 70, 80, 
100, 110, 136 degrees for energies from 1300 to 1500 kev. 
The Legendre polynomials P;(cos#) and P:(cos@) vanish 
at 90 degrees and 125.3 degrees respectively. Pro- 
nounced anomalies were observed which we identify 
with known levels'® of Ne” at proton energies of 669, 
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Fic. 3. Ratio of observed cross section to Rutherford cross 
section for the elastic scattering of protons » & F® at scattering 
angles of 90, 125.3, and 159.8 degrees in the center-of-mass 
system. In addition to the marked anomalies small structures 
are observed near 900, 1092, and 1137 kev. 


“ F, Ajzenberg and T. Lauritsen, Revs. Modern Phys. 24, 321 
(1952) and Revs. Modern Phys. 27, 77 (1955). 
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Fic. 4 Ratio of the observed cross section to Rutherford cross section in the energy range 1300 to 1500 kev at 
ten angles. The anomalies occur near 1346, 1372, and 1422 kev. F"(p,ay) resonance occur at 1346 and 1372 kev 
and an F¥(p,p’y) resonance occurs at 1422 kev. Note the absence of an anomaly near 1346 kev at forward angles 
and the angular variation of the 1372-kev resonance which disappears at 90 degrees. 


843, 873, 935, 1346, 1372, and 1422 kev’*; in addition 
a broad structure was observed in the region near 
1700 kev which could be associated with one or more 
reported levels in this region.'*"? There also appear to 
be small unresolved structures in the cross-section 
curve corresponding to resonances at proton energies 
of 900, 1092, and 1137 kev. In addition to the data 
shown, some investigations have been made of the 


6 The resonance energies 1346 and 1422 are determined relative 
to the 1372-kev resonance (see reference 4). The 843-kev anomaly 
was incorrectly yen by Webb ef al. and Dearnaley (reference 
3) as 831 kev. assignment ty kev has been verified by 

(private communicatio! 
"C. A. Barnes, Phys. Rev. 97, 1226 (1955). 


regions around 340 and 480 kev. Target deterioration 
and carbon contamination at these energies cause a 
much more rapid decrease in yield with bombardment 
than at higher energies which makes the interpretation 
of these data difficult. A scattering anomaly of 10 to 
20 percent of the Rutherford scattering could have been 
detected, however, whereas no reproducible structure 
was observed near either energy. The 340-kev resonance 
is known to correspond to a Ne* state of J=1 and 
even parity,"* and the observed reaction cross sections'* 
give values of T',/IT of 0.016 or 1.0. Considering the 
effects of energy resolution, the larger value would be 
expected to give rise to an anomaly of 30 to SO percent 
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Taste I, Resonance parameters for F¥(p,p). A dash (—) indicates that no anomaly was observed. ¢g= Rutherford cross section. 
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® Resonance energies, widths, and partial widths are from Barnes, reference 17, The resonance energies 1346, 1372, and 1422 are new determinations 


(see reference 4) corresponding to the older values 1355, 1381, and 1431. 
> See appendix B. 
* See reference 2 


# Values for the maximum and minimum cross sections for the 873- and 935-kev resonances are not given since the theoretical values are calculated 


neglecting the broad resonance at 843 kev. 


* Obtained by subtracting the estimated contribution of the 843-kev resonance from the observed cross section. 


* Measured at 110°, 100°, 90°, 80°, 70°, 60°, and 53.2°. 


@ The quoted values are for the maximum in the cross section curve occurring at an energy higher than the minimum. 


of Rutherford scattering, and we thus conclude that 
I’,/T is small for this resonance. 

An analysis of the scattering data has been made’ for 
several of the observed resonances. This analysis, 
together with data from the study of the F"(p,q) 
reactions,"*-"*-" allows the following spin and parity 
assignments to be made: 669 kev(1*), 843 kev(0*), 
935 kev(1*), 1372 kev(2-), and 1422 kev(i*). The 
scattering results are also consistent with the assign- 
ments”: 873 kev(2-) and 1346 kev(2-). Table I 
gives the values of (¢/¢R) max and (¢/¢x) min a8 Observed 
in this experiment for the resonances listed above, 
together with the theoretical values of these quantities 


Chao, Tollestrup, Fowler, and Lauritsen, Phys. Rev. 79, 108 
(1950). 

® Peterson, Fowler, and Lauritsen, Phys. Rev. 96, 1250 (1954). 

® J. Seed and A. P. French, Phys. Rev. 88, 1007 (1952). 


calculated for the assignments and proton widths given. 
Observed values of (¢max—@min)/or after correction for 
energy resolution effects (Appendix B) are also given 
in several cases. The values of ',/I were determined 
from the F"(p,p’), F(p,a) and F"*(p,p) cross sections 
by Baranger® and Barnes.” 

We wish to thank C. A. Barnes for many valuable 
comments and suggestions during the course of this 
work and the preparation of this paper and to thank 
E. Baranger and R. F. Christy for many illuminating 
discussions of the theoretical aspects of this problem. 


APPENDIX A. CALIBRATION PROCEDURE 
The energy scale of the electrostatic analyzer may be 
conveniently calibrated by observing the thick target 


gamma-ray yield over a proton energy range containing 
a sharp, symmetric resonance of known energy. In a 
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thick target excitation curve the mid-point of the 
observed step in the yield occurs at the resonance 
energy, Ez. If the analyzer setting, proportional to the 
potential across the plates, is Sg at the observed 
mid-point, then the analyzer constant, C,, is given to 
first order by® 


Er ZyeVrtAk, Er 
C.=——(1+-———_- —.). (Al) 
ZSpr E R Mie 


where Z,e=charge of the bombarding ion, Vr=po- 
tential of the target with respect to the analyzer, 
M,=rest mass of the bombarding ion, and AE,= energy 
loss of the incident ion in any contamination layer on 
the target surface. 

After calibrating the analyzer it is then possible to 
calibrate the magnetic spectrometer at any convenient 
bombarding energy, Eg, by observing the elastic scat- 
tering of particles at a known angle, @, from a clean, 
pure target, usually copper in these experiments. If the 
fluxmeter setting (inversely proportional to the mag- 
netic field in the type used in this laboratory) corre- 
sponding to the midpoint in the rise of the momentum 
spectrum of the scattered particles is 7, then the 
spectrometer constant, C,,, is given to first order by® 


MiK 


1—K ZyeVr 


K Ep 


KEg 
+ ), (A2) 
2M xc? 


where M,=rest mass of proton, taken as the standard 
particle in specifying C,,, K = K (6) =ratio of the energy 
before scattering to the energy after scattering as 
determined from the conservation of energy and mo- 
mentum, AE,=energy loss of incident particle in 
contamination layers (AZ,=0 for a “clean” target), and 
1, = stopping cross section for the particles in con- 
tamination layers before and after scattering. 

Having determined C, and C,,, the effective solid 
angle is then found by observing the copper yield and 
assuming Rutherford cross section for copper. The 
appropriate formulas are given in Brown ef al.$ 

The primary uncertainty in the energy calibrations 
is due to the presence of contamination layers (AZ)). 
The most effective method of avoiding this difficulty is, 
of course, the use of clean targets which do not become 
contaminated rapidly. By repeating the observation of 
the midpoint of the y-ray step or momentum spectrum 
several times on the same target it is often possible to 
determine the rate of contamination and to extrapolate 
to zero bombardment, or to affirm that contamination 
is negligible. In cases where the target material is 
lighter than the contaminants (usually carbon) it is 
possible to observe the scattering peak of the contami- 
nation layer and to determine the thickness from this. 
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Where the layer is appreciable, the magnetic spec- 
trometer may be used to determine the thickness, 
although this will generally introduce an uncertainty 
of 1-2 kev in the final determination. 

To evaluate AE, using the magnetic spectrometer, 
we observe the momentum profile of particles scattered 
from the target (7) in question and those scattered 
from a clean target (C) for which AZ; is negligible. 
Then to first order: 


. {1 Kel? 
Kre;4es Krl 


ZieVr 
—(Ke—K (— -)} (A3) 
Mie Ke KrEs 


where I¢,r=fluxmeter reading at the half-intensity 
point in the spectrum of particles scattered by the 
reference or target material respectively; both obser- 
vations being made at the same energy, Ez, and angle, 6. 

The expression (A3) may also be used to determine 
the energy difference, AEr=E,—E,, in a scattering 
experiment. Here Eg is the bombarding energy and EF, 
is the energy at scattering in the target. In this case, 
Ke=Kr, Ic is the half-intensity point of the spectrum, 
and ¢, and « refer to the stopping cross section in the 
target material before and after scattering. (A3) then 
gives AE,» for any fluxmeter setting Jr. 


APPENDIX B. EFFECT OF RESOLUTION ON 
OBSERVED CROSS SECTION CURVES 


A discussion of several sources of energy variation in 
investigations of this type has previously been given by 
Cohen,” who has calculated the size of the energy 
variation caused by the following effects: (1) finite 
beam size, (2) energy variation in incoming beam, 
(3) finite size of the magnetic spectrometer entrance 
and exit windows, and (4) straggling in the energy loss 
in the target before and after scattering. The net result 
of these effects is a root-mean-square variation of about 
2 kev (at 1 Mev) under typical conditions. This 
increases roughly linearly with energy. 

Experimental estimates of the over-all energy reso- 
lution (as made by the techniques described below) 
indicate an energy variation which is, in many cases, 
somewhat larger than that calculated on the basis of 
(1)-(4) above, and we believe that additional factors, 
such as the target surface condition, are responsible for 
this. 

No satisfactory calculations of the effect of target 
surface irregularity have been made, although an upper 
limit can be estimated by assuming that the surface is 
sufficiently irregular that the total energy loss in the 
target (as required by the experimental technique)’ 
may take place either before or after scattering. Under 


% EF. R. Cohen, Ph.D. thesis, California Institute of Technology, 
1949 (unpublished). 
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the usual target arrangement (the normal to the target 
surface bisecting the angle between the incident beam 
direction and the scattering direction), approximately 
half the energy loss should occur before scattering. 
Extreme surface roughness would lead, therefore, to a 
symmetric spread in the reaction energy with a half- 
width at half maximum of the order of the “following” 
depth in the target (usually less than one percent of 
the bombarding energy). At 1 Mev, this would give a 
root-mean-square variation in energy of 4-5 kev. 

Microscopic examination of the LiF powder used in 
preparing targets for these investigations indicate that 
the grain size is about 10~* cm which is of the order of 
five times the depth at which the observed scattering 
occurs. This suggests that the surface irregularities 
(assumed to be caused in part by individual crystals) 
are of this same order and therefore may affect sub- 
stantially the energy resolution of the experiment. 

Some experimental investigations of this effect have 
been made by observing the yield at the resonance 
minimum as a function of the energy loss before 
scattering (“following depth” in the target). By extra- 
polating these measurements which were made at 1422 
kev at 90° to zero energy loss before scattering and 
using the relations derived below, these results can be 
used to calculate 6Ey, the root-mean-square energy 
variation due to energy loss in the target. In a typical 
experiment, we find for a “following depth” of 15 kev, 
bE r=3.3 kev, while the calculated value” (which con- 
siders only straggling) is about 2.0 kev. The upper limit 
for the variation due to surface irregularities would be 
8-9 kev in this case, so that a contribution of only 
about one-third of this would be needed to explain the 
observed value. 

In those cases where the resonance width, I’, is known 
independently from measurements of reaction cross 
sections, the elastic scattering data itself may be used 
to estimate the over-all resolution. We consider the 
theoretical expression for the cross section, ¢, in the 
vicinity of a resonance: 


(B1) 


o=ao 1+ f(x) |, 
where 


f(x) = (a@+bx)/(1+27), x= (E—Ep)/fT, 


Ex is the resonance energy, and a, 6, and oo are approxi- 
mately independent of energy and are to be determined 
from the experimental results where their values are 
needed. The observed cross section, o’, will then be 


o’ = oo 1+ F(x) ], (B2) 


where F(x) is obtained by folding f(x) with the energy 
resolution function which is approximately independent 
of x over any one resonance. 

In comparing the experimental results with the 
theoretical calculations for various spin assignments, 
a quantity of considerable interest is the maximum 
variation of the cross section over the resonance. We 
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define 


k= (0 max—@ min)/ (Cmax —@min) 


and wish to obtain k as a function of observable 
parameters of the experimental resonance curve. 

For this purpose we assume a particular form of the 
energy distribution function, a square window of full 
width al’. Using this, we then obtain a relation between 
Emax— Emin and k in terms of the parameter A (or 1/A 
if A>1), where A = (0' max—@o)/(oo—o' min). The addi- 
tional parameter, A, is included since we treat both a 
and a/b as parameters to be determined from the 
experimental data. In principle, a, b, and a» may be 
calculated from theoretical considerations if the assign- 
ment for the level and the potential scattering phase 
shift are known. These results are, however, sensitive 
to the choice of the latter quantity, whereas the value 
of k is relatively insensitive to A and hence to ao. We 
have found that a visual estimate of a» (to about 5 or 
10 percent) is usually satisfactory. In addition, this 
procedure allows the correction of the data without 
knowing the assignment for the level. 

Carrying out the folding process, we obtain from 
(B1) and (B2): 


b 2a 1 1+ (x+a)? 
F (x)= |} tan-'—_-_——+ - log | (B3) 
cx 1+2x7—a’ 2 1+ (x—a)? 


and 


adF/dx=0 at x=—c+[e+1+a’}!, (B4) 


y= (Ewax— Emin) ‘= (1+a’+)}, (B5) 


tanh (a/y)—c tan“[a/(1+e+cy) ] 
~ tanh(a y) +c tanLa/(1+e—cy)] 


(B6) 


k=a'(1+e)-"[c tan“ (ac/y)+tanh-(a/y) }, (B7) 


where E...x and Ein are the proton energies for which 
the maximum and minimum cross sections are observed 
and c=a/b. 

The effects of finite energy resolution are thus seen 
to be an increase in Emsx—Emin and a decrease in 
o' max—@ min. Our procedure involves the evaluation of 
the latter effect by observing the former. The parameter 
A is fairly insensitive to a and depends mainly on the 
shape of the theoretical curve (a/b). To obtain the 
explicit relation between k, A, and y, we first used the 
expression (B6) to obtain (graphically) a/} as a function 
of A, treating a as a parameter. We then used the 
relations (BS) and (B7) to obtain & as a function of y, 
treating A as a parameter. 

An alternative procedure for obtaining & may be 
found by taking the product x;x2; from (B4) this gives 


(Emsx— Er) (Er— Emin) 
(r/2) 





—2%)x;>= =1+a’. 


(B8) 











Using (B5), (B7), and (B8) we may then obtain a, a/d, 
and & explicitly in terms of E...x— Ez and Emin— Ep. The 
use of this method requires, however, that the resonance 
energy (on the energy scale of the experiment) be known 
with an uncertainty which is small compared to the 
resonance-width, I’. In the present experiment, however, 
the uncertainty in the energy scale is about 3 kev, so 
that this condition is not well satisfied. 

In cases where Emax OF Emin is not clearly defined, 
it is possible to use A and the width at half maximum 
for determining &. This width is more difficult to 
determine than Ensx—Emin (both experimentally and 
analytically) and, except for nearly symmetric reso- 
nances, this procedure is less satisfactory. 

In Table I of the text, we have given corrected values 
of the cross sections for comparison with the observed 
and theoretical values for several of the F'*(p,p) 
resonances. Values for the window width, a, have been 
determined in many of these cases and it is found that 
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these values are always between the values calculated 
using Cohen’s formulation™ and those estimated as an 
upper limit for target surface irregularities. The values 
are close to the lower limit at the higher energies 
(1400 kev) and large scattering angles and become 
larger relative to the lower limit as the energy and 
scattering angle are decreased. Several of these values 
are given in Table I. 

The application of these expressions to obtain rela- 
tions between experimentally determined quantities 
may, in part, eliminate the dependence of the results 
on the particular form we have taken for the resolution 
function. In any event, the treatment gives a useful 
description of the qualitative features and at least a 
first approximation to the quantitative aspects. In 
addition to the application of these results to the 
correction of cross sections, they should be of some 
value in determining resonance energies and widths 
from elastic scattering measurements. 
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An analysis of the anomalies in the elastic scattering cross section of protons on F“ has been carried out. 
The assignments 1* for the resonances at 669, 935, and 1422 kev, and 0* for the resonance at 843 kev, are 
required by the results of the experiment. The assignment of the resonances at 873, 1348, and 1374 kev is 


2-, with 1 


not excluded by these data alone. Unique values of the partial widths are determined for these 


resonances and several others in this energy range. Reduced widths are given for the various particle re 


actions which are observed. 


N the preceding paper, Webb, Hagedorn, Fowler, 

and Lauritsen' have discussed an experiment meas- 
uring the elastic scattering of protons by F”. The 
present paper deals with an analysis of their experi- 
mental results. The purpose of the analysis is to deter- 
mine the spins, parities, and partial widths of as many 
as possible of the excited states of the compound nu- 
cleus Ne™®. Assignments of the levels examined here, 
except the resonances at 843 and 1422 kev, have been 
determined previously by several workers using methods 
other than elastic scattering. They were, however, 
unable to determine the partial widths uniquely. Their 
results are summarized in a review article by Ajzenberg 
and Lauritsen? Some preliminary work on elastic 
scattering was done at this laboratory by Peterson 


t Assisted by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 

1 Webb, Hagedorn, Fowler, and Lauritsen, preceding paper 
[Phys. Rev. 99, 138 (1955)]}. This paper is referred to as 

aper A 


°F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 27, 77 
(1955). 


el al.,* which resulted in the assignment of the 1422-kev 
resonance. Recently, Dearnaley* has examined the elas- 
tic scattering and his results as to assignment and 
choice of partial widths are in agreement with ours. 

In analyzing proton scattering from a nucleus such 
as F where reactions are also possible, certain complica- 
tions arise in the formulas which have led us to use 
simplified and not entirely accurate forms for the 
scattering cross section. Thus, neglecting Coulomb 
effects, an arbitrary scattering amplitude associated 
with a given J and parity could be written as f(@"—1), 
where {<1 and 6 is arbitrary. Now in the case of a 
single resonance we find that f=I,/T’, the ratio of the 
elastic proton width to the total width, is independent 
of energy and cotdé is linear in the energy. In the case 
of two overlapping resonances, however, no simple 
energy dependence of f and 5 which is consistent with 
resonance theory has been found. What is needed is 





* Peterson, Barnes, Fowler, and Lauritsen, Phys. Rev. 94, 1075 
(1954). 
*G. Dearnaley, Phil. Mag. 45, 1213 (1954). 
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some expression which shows the influence of a broad 
resonance, where the parameters are almost energy 
independent on a superimposed narrow resonance. 
Lacking a better expression, we have used the form 
discussed by Blatt and Biedenharn,' i.e., a,(e*r**) —1) 
+(1—a,)(e'*—1), where a, is the ratio of the elastic 
proton width to the total width, 4, is the resonant phase 
shift such that 6,= —cot[ (E—E»)/41' ], where Ep is 
the resonance energy, and ¢ is a slowly varying phase 
shift chosen to describe the scattering amplitude off- 
resonance. This form is in error in that it assumes the 
reaction cross section to be zero off-resonance. Since 
the off-resonant cross section is not large, we feel that 
the use of the simplified form has introduced no error 
in interpretation. 

The differential cross section for elastic scattering of 
s-wave protons and F (spin 4) which form a compound 
state of a given J, which can be 0 or 1, can then be 
shown to be 

(2J +1) 
(0)=0(0)/on(0)=1— {a, sin(é,7+ ¢,) 
2ko p* 


<cos(6,7+ ¢74+00)+ (1 — dy) singy COS| @y +6)} 


{a,? sin?(6,7+ ¢,) +(1—a,)* sin?’ gy 


4h’op 
+2a,( 1 —d») sin(é,7+ 7) singy cosé,s}, (1) 


where & is the wave number, or the Rutherford cross 
section, and 695= (Ze*/hv) In sin?(@/2), v being the rela- 
tive velocity. This expression differs from the final 
expression given in Blatt and Biedenharn in that we 
allow the phase shifts gy to be arbitrary parameters 
depending on J as well as /, the orbital angular mo- 
mentum, and have not performed a sum over /. 

Far from a resonance, when 5,=m, this expression 
simplifies considerably and was used to analyze the 
off-resonant cross section. Since the angular dependence 
of the off-resonant is consistent with 
assuming only s-wave phase shifts, we assume the 
higher /-wave phase shifts to be zero. The s-wave phase 
shifts vary over the energy region of the experiment, 
since the off-resonant cross section varies. It is impos- 
sible to determine from the data unique values of the 
individual phase shifts gy.o and gy.:. One can only 
determine the expression ¢gy.o+3¢ s.). This is positive 
at low energies and negative at the higher energies. 
The agreement with experiment as a function of angle 
can be seen from Figs. 1, 2, and 3 at 570, 770, 1320, 
and 1520 kev. It was also checked at 1090 kev. 

Since the off-resonant phase shifts can be assumed to 
be zero for the higher orbital angular momentum, the 
differential cross section for a particular J with />0 is 


cross section 


* J. M. Blatt and L. C. Biedenharn, Revs. Modern Phys. 24, 
258 (1952) 
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given by a Breit-Wigner formula: 


| 2I+1 
&(0)=0(0)/on(6)=1— het a, siné,; cos(6,+6,7) 


R 


(+1) 
x P:(cosé) +-x———a,,’ sin*b, 7 
oR 


ee + 


m,M,T.R 


X |Cri(JM; MO)Cri(JM;M—mm)|*, (2) 


ar’ar*| ¥"(0,¢) |? 


where Y/"(6,¢) is a spherical harmonic; P;(cos@) is a 
Legendre polynomial; C;;(JM;mm’) are Clebsch- 
Gordan coefficients; R and T are channel spin quantum 
numbers; ag is the channel spin ratio such that > rag? 
=1; and 


i 
6:=09+2 ¥ tan-'(Ze*/hon). 
n=l 


We assume that only the lowest value of / for a given 
J need be included because of the rapid increase in the 
barrier penetration factor with /. We must add to (2) 
the two off-resonant s-wave contributions discussed 
above and also an interference term. The contribution 
of this interference term to é@, which is valid either in 
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Fic. 1. The ratio of the differential cross section for the elastic 
scattering of protons by F” to the Rutherford cross section for 
several center-of-mass angles as a function of the bombarding 
proton energy minus the resonance energy of 669 kev. 
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the vicinity of an s-resonance or when no s-resonance is 
near, is 


(2J+1) ; 
- Pi (cosP)ay*aps{ Gps’ sin(6,y:+ ¢7") 
kor 
Xsiné,, cos(0;—09+-6,7—6,7'— ey) 


+(1—a, 7’) sings: siné,; cos(@;—A.+6,3—¢7)}, (3) 
where J’ is the angular momentum of the s-wave reso- 
nance and J that of the other resonance. This inter- 
ference term is proportional to P,(cos#). There is 
obviously no interference between two s-waves. 

We can determine the orbital angular momentum, /, 
by observing ¢—1 at angles @ for which P,(cos#)=0. 
When the orbital angular momentum is not zero, we 
have assumed g, to be zero, and therefore it is clear 
from Eq. (2) that ¢—1 should be symmetric around Ey 
and positive. At this angle, the effect of the nonresonant 
s-wave phase shifts given in Eqs. (1) and (3) is merely 
to produce a constant background. Thus if ¢—1 is not 
symmetric and positive for any @ such that P;(cos#) =0, 
we assume that /=0. We thus assign /=0 to the reso- 
nances at 669, 843, 935, and 1422 kev. If ¢—1 is sym- 
metric and positive at the angles where P;(cos#)=0 
and not at other angles, we shall assume that / is given 
by this value. It might happen that ¢—1 could be 
accidentally symmetric and positive for certain values 
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Fic. 2. The ratio of the differential cross section for the elastic 
scattering of protons by F” to the Rutherford cross section for 
several center-of-mass angles as a function of the bombarding 
proton energy minus the resonance energy of 1422 kev. 
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Fic. 3. The ratio of the differential cross section for the elastic 
scattering of protons by F” to the Rutherford cross section for 
center-of-mass angle 159°46' as a function of the bombarding 
proton energy minus 1422 kev. 


of 6;, so we must be sure that /»0 for such a resonance. 
If the interference term in Eq. (2) is usually much 
larger than the purely resonant term, ¢—1 will essen- 
tially vanish at this angle. The resonance anomalies at 
873, 1346, and 1372 kev vanish at 90°, and are not 
symmetric and positive at 125°, The anomalies at 
1346 and 1372 kev are not symmetric and positive at 
136° which is close to the angle where P;(cos@) vanishes. 
(873 kev was not measured at this angle.) Thus at 1374 
and 1348 kev, the data rules out /=2 and 3 and indi- 
cates /=1. At 873 kev, the data rule out /=2 and 
indicate /=1. Dearnaley* measured this energy region 
at 140.8° and his data rule out /=3. We examined /=0 
for these three resonances and can also eliminate this 
possibility. 

Next, a, can be determined in terms of J from the 
reaction cross sections since 


rT,I, 
. 


o,= (2J+1) 
k 


Tr 
= (2J+1)~(1—a,)a,, (4) 
k? 


bs 


where c, is the sum of all reaction cross sections for 
protons on F” and I’, the corresponding width. Rela- 
tion (4) yields two possible values of a,, whose sum is 
one. The particle reactions which occur are a-particle 
emission leading to states of O'* and inelastic proton 
emission leading to low states in F”. We use the nota- 
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tion ao,+,1,.23 and p;,2 of Barnes.’ Values of o, were 
obtained from the data of Barnes® for inelastic scatter- 
ing and from Chao ef al.’ and Freeman® for the pro- 
duction of a particles. The ratio of the different re- 
action cross sections is given by the ratio of the widths 
in Table I. These widths were taken from the paper 
by Barnes. 

It is usually possible to determine J and a unique 
value of a, from a comparison with the experiment of 
Fax —Fmin, the maximum value of é¢ minus the mini- 
mum value. This function equals [A*(@)+B*(6) }}, 
where A (6) is the coefficient of sin?(é,7+¢ 7) and B(6) 
the coefficient of sin(5,7+¢,) cos(é,7+¢,), if one 
assumes that the resonance is narrow enough so that 
A(@) and B(6) are constant over the resonance. It de- 
pends mainly on /, J, and a,, since the contribution of 
the fairly small nonresonant phase shifts is a small 
correction. 

Webb ef al., observed resonance at incident proton 
energies of 669, 843, 873, 935, 1346, 1372, and 1422 kev. 
The analysis of each is discussed below. 

669 kev.—Values Of Gmax—Gmin are given in Table I, 
Paper A, for a 1* assignment with a,=0.976. They are 
independent of the nonresonant phase shifts. The 
smaller value of a, would be obviously impossible. 
J=0 can be eliminated since it gives values 4 those 
for J=1. Plots of the complete resonance curves are 
shown in Fig. 1, where ¢,;~. was taken to be zero, and 
¢s—) to be 0.05 radian. 

843 kev.—Table I of Paper A gives @max—@min for a 
0* assignment with a,=0.996, where this is again inde- 
pendent of the nonresonant phase shifts. The smaller 
value of a, and also an assignment 1* are impossible. 
The values @max ANd Fmin were calculated by assuming 
¢s~1=0 and are independent of ¢ 9. This assignment 
of 0* agrees with the fact that a-particles leaving O"* in 
its ground state and first excited state (0+) have been 
observed. 

935 kev.—o, is too large for Eq. (4) to be satisfied with 
J=0. Gmax—GFmin is given in Table I, Paper A, with 
J=1,a,=0.17 and with a nonresonant phase shift of 
¢y~1=0 radian. If ¢7.,= —0.19, which is the same as 
the value used at 1422 kev, @max—@min becomes 0.18, 
0.31 and 0.41 at 90°, 125°, 160° respectively. If one sub- 
tracts from the experimental values of @max and @min 
rough experimental values of the background, the 
results agree quite well with the calculated ones. 

1422 kev.—By using the same arguments that were 
used for the 669-kev resonance, this can be shown to 
have a 1* assignment with a,=0.85. Plots of the com- 
plete resonance curve from 1320 kev to 1520 kev are 
shown in Figs. 2 and 3. The nonresonant phase shifts 


*C. A. Barnes, Phys. Rev. 97, 1226 (1955). The author is in- 
debted to Dr. Barnes for communicating his results prior to 
publication and for discussions concerning the partial widths of 
these reactions. 

? Chao, Tollestrup, Fowler, and Lauritsen, Phys. Rev. 79, 108 
(1950). 

* J. M. Freeman, Phil. Mag. 41, (1950). 


UREY BARANGER 


were chosen to be gy; = —0.19 radian and gy.o=0.09 
radian. These values of the phase shifts are not unique 
and no attempt was made to adjust them to give the 
best fit of the data. 

1372 kev.—e, is too large for J to be zero. The assign- 
ment /=0, J=1 is eliminated because &msx— min Would 
be observable at 90°. If J is one, J can thus be 1 or 2. 
The assignment 1~ cannot be eliminated because it is 
possible to choose channel spin ratios so that ¢ for 1~ 
and 2~ become approximately the same for the smaller 
value of a,. However, the assignment 1~ seems unlikely 
since the level does not disintegrate to the ground state 
or the first excited state of O'*. It should be noted that 
this is not the same level as the somewhat broader level 
at 1367 kev which does so disintegrate.’ The values of 
Fmax—@Fmin and of each term separately are given in 
Table I, Paper A, for a 2- assignment with a,=0.17 
and include the effects of the strong 1* resonance at 
1422 kev. They were calculated by using gy, = —0.19 
radian, gz.o=0.09 radian. Plots of the complete 
resonance curves are shown in Figs. 2 and 3. 

1346 kev.—This resonance is believed to have an 
assignment 2~ and this is consistent with the elastic 
scattering if a, has its smaller value of 0.067. For the 
assignments 1* and 0*, which latter is possible only if 
the measured «, is lowered 20 percent, the calculated 
anomaly at 90° is about 0.1. This would most probably 
have been observed, particularly since this region was 
studied very carefully. The assignment 0- is not possible 
since a-particle emission is observed. We cannot rule 
out 1-. 

873 kev.—This level is definitely known to have the 
assignment 2~ and this is seen to be consistent with the 
elastic scattering results if a, is taken to have its smaller 
value of 0.21. Interference effects with the nearby 
resonance at 935 kev or with nonresonant amplitudes 
were not included but would be less than 20 percent. 
If the experimental nonresonant background is roughly 
subtracted from the individual values of @max and Gmin 
the results agree with the calculated values. Using the 
same arguments as for the 1372 kev resonance, we can 
rule out 0+ and 1*, but cannot eliminate on elastic 
scattering data alone the assignment 1-. 

There are many known resonances with unknown / 
and J in this energy region which produce essentially 
no resonance anomaly in elastic scattering. These have 
been tabulated by Barnes® in his Table II. For these 
resonances a, should have its smaller value. A mini- 
mum value for @max—@min With a,=1 is [(2J+1)/ 
2ko * || P;(cos#) cos@,|. This quantity for /<4 at 159° 
or 125° for the various resonances was found to be 
larger than 0.3 except when /=1, J=0, which is im- 
possible when a particles are observed. Since the larger 
value of a, for these resonances is very close to 1, a, 
must have its smaller value. 

The reduced widths, y*, are given in Table I for the 
various resonances studied. The assignments of the 
~ *£. B. Paul and R. L. Clarke (private communication). 
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, : I lp: Ips Tes Tes le r r 
a hostekes vais “ ne" nd Yai" eal Yas* ve! val 
{ 23 ~%.05 <0.01 ~0.005 ~).033 
oe oe. 0.996 4 
270 ~3.6 <23 ~0.0042 ~0.0033 
0.045 <0.0005 <0.0001 2.8 0.016 0.075 x x 
340 «(1* 2.9 0.016 
OF <360 <10¢ 110 6.1 42 x x 
1a 0.046 <0.0005 0.110 0.0004 0.025 x x 
669 ~«1* 7.5 0.976 
240 15 <10 1.5 0.027 1.6 x x 
1.4 3.0 <0.020 2.8 0.100 0.78 x x 
ES hag 8.0 .0.17 
11 125 <20 19 2.0 14 x x 
12.4 2.2 <0.035 Total <0.04 x x 
1422 1* 146 0.85 
23 14 & 25 Total <0.2 x x 
0.043 <0.5 <0.5 37 <0.1 0.1 x x 
598 2 37 0.0012 
95 <700 <3600 180 <3 <30 x x 
1.1 <0.002 0.57 2.4 0.85 0.30 x x 
873 2 | 
36 <1.7 67 6.2 8.5 20 x x 
0.3 0.3 0.6 1.8 0.45 1.05 x x 
1346 2- 4.5 0.067 
1.7 23 6.1 2.1 1.2 12 x x 
2.5 0.7 1.4 91 0.84 0.52 x x 
1372 2 15 0.17 
13 48 14 10 2.0 5.0 x x 


® The first row for each resonance is the partial width, the second row the reduced widths, all widths being given in kev 


The partial width were obtained 


from Table II of Barnes (reference 6). An x indicates the emission is forbidden by J and x considerations 


340- and 598-kev resonances, which could not be 
determined by this experiment, have been determined 
previously.? +* is defined as '(2kR)-'(F?+-G?), where 
F, and G; are Coulomb wave functions evaluated at 
R,1 being the lowest possible orbital angular mo- 
mentum, and R is the interaction radius which is taken 
to be 1.41 (A,'+A,!)«10-" cm, where A; and A, are 
the mass numbers of the two particles involved. The 
partial widths T have been given by Barnes® in his 
Table II and are repeated in our Table I. The pene- 
tration factors for the protons were obtained from the 
calculations of Christy and Latter.” For the a particles, 
calculations were based on the tabulations of Coulomb 
wave functions by Breit and his collaborators." There 
is evidence”- that the a particles are emitted with two 
orbital angular momenta. This would introduce a 
correction of about 10 percent. The single-particle re- 
duced width, #?/uR*, where u is the reduced mass of the 


”R. F. Christy and R. Latter, Revs. Modern Phys. 20, 185 
(1948). 

4 Bloch, Hull, Broyles, Bouricius, Freeman, and Breit, Revs. 
Modern Phys. 23, 147 (1951). 

2 J. Seed and A. P. French, Phys. Rev. 88, 1007 (1952). 

8 Peterson, Fowler, and Lauritsen, Phys. Rev. 96, 1250 (1954) 


system, is 1660 kev for the protons and 390 kev for 
the a particles. Most of the reduced widths of the a 
particles are rather low, except for the large a, widths 
for the 340- and 598-kev resonances which 
percent and 46 percent respectively of the single- 
particle widths. These are much larger than usual 
a-particle widths. For the protons the widths at 669 
and 843 kev are large, being 16 percent of the single- 
particle width. The reduced a, and ao widths for the 
resonance at 843 kev are 1.110~* percent and 0.85 
<10-* percent respectively of the single-particle width. 
As previously suggested by Barnes,® these low values 
indicate that this is a state of isotopic spin 1 of Ne™. 
The upper limit of the reduced a widths at 1422 kev, 
which is 0.20 kev, is low and this may also indicate a 
T=1 state. The penetration factors, (2kR)"'(F?+G/), 
partially explain the branching ratios of the inelastic 
scattering. 

The author would like to thank T. S. Webb and 
W. A. Fowler for many discussions concerning the 
interpretation of their results and to thank R. F. 
Christy for discussions concerning the method of 
analysis. 
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By using 96-Mev protons, a double scattering experiment has been performed with a variety of targets 
and scattering angles. The observed values of the asymmetry ¢ in the intensity of the second-scattered beam 
are small. For instance with carbon as a first and second scatterer, and scattering angles of 20° the observed 
value of ¢= +3.6+1.6 percent. It is concluded that the polarization P decreases rapidly with decreasing 


energy below 130 Mev 


I. INTRODUCTION 


so scattering experiments performed with a 
variety of targets and using protons with energies 
of about 130 Mev and higher have shown pronounced 
azimuthal asymmetries ¢ in the intensity of the second 
scattered beam. This indicates that a high degree of 
polarization can be achieved by scattering of protons 
from nuclei. It has also been shown that the magnitude 
of the asymmetry e¢ and therefore of the degree of 
polarization increases as the scattering events become 
more nearly “elastic.” 

The purpose of the investigation described here was 
twofold: to measure the magnitude of the asymmetry 
¢ in an energy region not previously investigated, and 
to gain more precise information on the nature of the 
“elastic” events responsible for the large polarization 
effects. Unfortunately the second part of this program 
could not be carried out since the magnitude of ¢ turns 
out to be too small in the accessible energy region. 

In previous double scattering experiments, the first 
scattering had been carried out inside the cyclotron 
tank. In this investigation, both scatterings were 
carried out with the external beam for the following 
reasons : 

(1) Since nothing was known about the magnitude 
of the polarization below 130 Mev at the time this 
experiment was started, the greatest possible flexibility 
seemed desirable. The method used allowed the rapid 
variation of both the first and second scattering angles. 

(2) When high-energy protons interact with a 
nucleus smal] momentum transfers are possible which 
leave the target nucleus in low-lying excited states.’ 
One way to assure that the majority of both scattering 
events are truly elastic is to use a primary beam whose 
energy width is less than the separation between the 
ground and first excited state of the target nucleus. 
In the case of carbon, this separation is 4.4 Mev so 
that at the Harvard cyclotron only the external beam 
(energy 96 Mev, width 2 Mev) fulfills the requirement. 

(3) No serious interference occurred with other 
experiments in progress at the same time. 


* Supported by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission 

' de Carvalho, Marshall, and Marshall, Phys. Rev. 96, 1081 
(1954); J. M. Dickson and D. C. Salter, Nature 173, 946 (1954). 

*K. Strauch and W. F. Titus, Phys. Rev. 95, 854 (1954). 


The main disadvantages of the use of the external 
beam to carry out both scatterings arise from the small 
intensity of this beam. Asa result, the angular resolution 
is relatively poor and at certain scattering angles an 
“inhomogeneity correction” must be applied. 


Il. EXPERIMENTAL ARRANGEMENT 


The internal cyclotron beam is multiple coulomb 
scattered by an uranium target into a magnetic channel 
which extracts a fraction of the beam from the cyclotron 
(Fig. 1). After analysis and focusing by a slit system 
and an auxilliary magnet, a 96-Mev proton beam is 
available outside the shielding with an intensity of 
510° protons per second per cm’. It has been verified 
experimentally that this beam is unpolarized. 

After emerging from a vacuum pipe through a 
defining slit, the external beam traversed an ionization 
chamber monitor and a brass antiscattering slit $1 
before encountering the first target 71 (see Fig. 2). 
The first scattered beam passed through scintillation 
counters A and B (placed at one third the distance D 
from 71) before reaching the second target 72 placed 
at a distance D from 71. The line passing through the 
geometric centers of the targets at 71 and 72 will be 
called “apparatus axis;” it makes an angle 6, with the 
direction of the external proton beam. Protons scattered 
by 72 were detected by two identical telescopes 1 and 
2 placed symmetrically on either side of the apparatus 
axis at angles of +6, and —6,. The brass shields S2 
minimized the number of protons that reached the 
te fe out 
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Fic. 1. Arrangement for peas the external beam to the 
experimental area. 
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DOUBLE SCATTERING EXPERIMENT 


telescopes either by single scattering in 71 and air, or 
by a double scattering not involving 72. 

The scattering and counting equipment was mounted 
on a platform that could be rotated around a vertical 
axis passing through the center of 71. The angles 6, 
and 6, could be varied with a reproducibility of better 
than 0.03 degrees. Target 71 was always placed at an 
angle of 90°—46, with respect to the external beam 
direction. 

The telescopes 1 and 2 consisted each of 5 scintillation 
counters C; through G, and C, through G2 spaced so 
that absorbers could be inserted in front of C and 
between F and G. The first-scattered beam was defined 
by the size of the external beam at 71 (?-in. width and 
l-in. height) and the size of 72 (1 in.X4 in.); the 
second-scattered beams were defined by the dimensions 
of 72 and scintillators F,; and Fy, (2 in.X¢4 in.) respec- 
tively. The distance between 72 and F; (or F:) will 
be called d. The whole scattering and counter 
assembly was rigidly constructed so that even though 
D, d, 6;, and 6, could be varied, and 71 and 72 could 
be rapidly removed, the apparatus was kept symmetrical 
around its axis to the necessary tolerances. This fact 
was checked experimentally by using the steep angular 
dependence of elastically scattered protons. 

Each counter consisted of a }-in. thick plastic 
scintillator and a 1P21 photomultiplier whose output 
was fed directly into a diode bridge type double 
coincidence circuit.’ Fast coincidence pairs AD,, BE, 
CiF,, C:G;, AD2, BEs, CoFs, CxGe were available and 
these were mixed in slow coincidence circuits whose 
output corresponded to ABC\D,E\F;, ABC\DE\F Gi, 
ABC:D:ExF 2, and ABC:D:F:F 4: coincidences, here- 
after called A—F,, A—G;, A—F:, and A—G; coin- 
cidences respectively. 

All telescope readings were normalized to a standard 
amount of charge collected in the ionization chamber 
placed in the external beam. 
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The double scattering apparatus 


*K. Strauch, Rev. Sci. Instr. 24, 283 (1953) 
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Fic. 3. Energy distribution of protons scattered at 20° from 
a carbon target. The intrinsic energy width of 2 Mev of the 
incident beam is broadened by the energy resolution of the 
telescope 


Ill. EXPERIMENTAL PROCEDURE 


The use of two telescopes allowed the simultaneous 
measurement of two independent values of the asym- 
metry. Consider first telescope 1 only. The asymmetry 
e(6;,02) for a given set of first and second scattering 
angles 6, and 6, can be measured by keeping 6; constant 
and determining the number of double scattered 
protons at the angles +6, and —@,. Alternately it is 
possible to keep @, constant and to take measurements 
at first scattering angles of +6, and —6, (see Fig. 2). 
This second method turned out to be the most conven- 
ient. Readings with telescope 1 determined ¢(6,,62) 
as follows: 

Ri(+6;, +62) —Ri(—41, +42) 


€(8;,92) = : 
Ri(+6;, +62)+ Ri(—6;, +62) 


(1) 


where for instance R,(+6;, +62) represents the 
normalized double scattering counting rate of telescope 
1 when the first and second scattering angles are +-6, 
and +6, respectively (the position of telescope 1 in 
Fig. 2). 

Another set of readings was taken simultaneously 
with telescope 2 from which an independent value 
e(—6,, —@2) could be obtained: 


R2(—9;, —92)— R2(+4;, —42) 
e(—6;, — 6.) = i 
Rz(— 6, —92)+R2(+4;, —92) 


From symmetry considerations it follows that; 
(61,92) = e(—6;, —62) (3) 


and the final value of ¢ was obtained by taking the 
average of the two independent determinations. 

Due to this averaging procedure, small geometric 
misalignments could not affect the measured value of 
¢, at least to first-order terms. Actually it is believed 
that all but one of the alignments (this one to be 
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discussed below) could be made accurately enough so as 
to have no appreciable effect on e(+6,, +62) or e(—4,, 
—62) individually. 

Each run was carried out in five steps. 

(1) The apparatus was aligned by photographically 
centering the external beam on the apparatus axis 
with 6, set to 0°. This alignment could be done 
accurately; however, the geometric center and the 
intensity center of gravity of the external beam do not 
necessarily overlap. Any possible difference between 
these two centers can be time dependent, since the 
beam intensity distribution over the first target depends 
on the energy distribution of the internal cyclotron 
beam which is known to vary slightly with time. The 
readings at +6, were therefore alternated in short 
cycles and as a result of this and the use of the averaging 
procedure just outlined the final value of ¢ is not 
believed to have been affected by small geometric 
beam fluctuations. 

(2) After plateaux for all critical electronic settings 
had been obtained, the telescope efficiencies were 
rapidly compared to an accuracy of 1 percent by 
alternately moving each telescope into the first scatter- 
ing beam by setting #.=0. 

(3) The energy of the externa! beam was measured 
with one of the telescopes set at the 6.=0 position by 
measuring the difference between A —G and A—F coin- 
cidence rates as a function of thickness of absorbers 
placed in front of counter C. A typical result is shown in 
Fig. 3. Enough absorbers were then inserted into each 
telescope so that A —G,; and A —G, coincidences represent 
protons whose energy is less than about 3 Mev below the 
elastic peak value when both scatterings take place at 
the center of the targets. The required absorbers were 
divided into two sets placed as shown in Fig. 2 so that 
the A—F, and A—F; coincidence rates could have 
included some double scattering events in which a 


Taste I. Data obtained in 4 cycles with 71: Be, T2: Be, 
6, =6,= 20°, D= 3 in., d=11 in 


4 —F coincidences A —G coincidences 
R,' (20°, 20 1844+ 43 1011432 
R,”(20°, 20 386+ 28 78+13 
R,'" (20°, 20 +9 18+8 
R, (20°, 20 1428+ 52 915435 
R 20°, 20 1783442 1047432 
R 20°, 20 320+ 25 48+10 
b 20°, 20 1547 6+5 
h 20°, 20°) 1448+ 50 993434 
R,' (20°, —20°) 1516439 954+31 
R," (20 20°) 120+ 15 26+7 
R," (20°, —20°) 18+8 6+5 
R,(20°, —20°) 1387+42 922432 
R,'(—20°, —20°) 1670+41 998432 
Ry 20°, — 20° 184+ 19 52+10 
R; 20°, —20°) 625 324 
Ry(—20°, —20°) 1480445 943433 
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considerable amount of momentum was transfered 
during a collision. 

(4) With the apparatus in position to detect double 
scattering events (as shown in Fig. 2), accidental and 
spurrious coincidences due to the high counting rates 
in counters A and B were measured by inserting behind 
B an absorber large enough to just cover the scintillator 
and thick enough to stop all protons. With all targets 
used and at all angles investigated, such coincidences 
were found to be negligible. These tests also indicated 
that no appreciable number of double scattering events 
of the type p-n-p were detected. 

(5) Fora given set of targets 71 and 72, the normal- 
ized counting rates R,(+6:, +62), Ri(—@:, +62) and 
R.(+6:, —62), R2(—6;, —@2) were then obtained by 
subtracting the background as follows: 


R(6;,02) = R’ (61,02) — R" (0;,02) — R’”’ (01,82), (4) 


where R’(6;,62) = normalized counting rate with targets 
T1 and 72 in place, R’’(6,,0.)=normalized counting 
rate with target 71 in place, target 72 removed, and 
R’” (6;,82)=normalized counting rate with target 71 
removed, target 72 in place. This method of background 
subtraction slightly overemphasized the importance of 
the background since with the target in place some of 
the background protons should have lost enough energy 
in these targets to fall below the telescope threshold. 
However the background was small enough so that 
the final value of the asymmetry e was but little 
affected : values of e obtained by the method of subtrac- 
tion outlined above differed on the average by only 
50 percent of the statistical uncertainty from values of 
e obtained without any background subtraction. A set 
of typical data is shown in Table I. Some of the back- 
ground counts were taken for shorter periods of time 
than the counts obtained with both scatterers in 
place. However in Table I all counts have been normal- 
ized to the same monitor reading. 


IV. THE INHOMOGENEITY CORRECTION 


In general, the differential cross section for elastic 
(and “nearly” elastic) scattering decreases rapidly with 
increasing scattering angle. As a result, the intensity 
of the first scattered beam is not homogenous over the 
surface of the second target 72: The center of gravity 
of protons striking 72 does not lie on the apparatus 
axis, but is deviated toward the external beam direction. 
As can be seen by considering the experimental geometry 
(Fig. 2), this “inhomogeneity effect” produces a 
negative contribution to the observed asymmetry e, 
whether or not polarization is present. This contribution 
can be minimized by using as large a distance D between 
the first and second target as permitted by intensity 
considerations. 

However, there are some angular regions over which 
the differential elastic scattering cross section for 
96-Mev protons is essentially flat. For a light element 
such as carbon, such a region, centered around 8.5°, 
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Tass II. Summary of experimental results. 
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“aie Awd A-G 

(in- (in Ei Ey E: Ey Eth lobe e Eth ¢ e 
T1 T2 6 @: ches) ches) (Mev) (Mev) (Mev) (Mev) (Mev) % % (Mev) % % 
Cc Cc 85° 18° 60 11 864 149 68.2 9.7 10.4 -—1.2419 -—1.241.9 25 +1.7420 +1742. 
Cc Cc is” 15° 60 14 866 15.5 68.1 9.6 196 -0442.1 +0.2+2.1 26 +0.2419 +4+0.741.9 
Cc - 15° 15° 30 14 866 15.5 68.1 9.6 19.6 +0.5418 +18+1.8 26 +164+16 +3.0+1.6 
Cc Cc 20° 20° WB 11 866 160 676 100 189 -—3.041.7 4+2.541.7 39 —-19416 +3.6+1.6 
Be Be 2° 2° 3 11 87.3 142 ©@7 93 210 +13416 +45+1.6 33 —-1.5418 +3.1418 
c Cu 85° 18° © 11 864 149 63. 20.7 110 4+03416 +0341. 2.2 +032418 +032418 
Cu Cu 26° im @ H SB 43 CF 99 +49416 449416 3.6 +4341.7 +4341,7 


is produced by interference between Coulomb and 
nuclear potential scattering. In heavier elements, a 
flat region exists at the top of the second diffraction 
maxima which in the case of copper occurs at 26°. 
When these special values are used for the first scatter- 
ing angle 6;, no inhomogeneity effect exists and the 
asymmetry due to proton polarization can be measured 
directly. 

At other angles an “inhomogeneity correction” must 
be applied to the observed asymmetries. This was done 
by using the angular distribution of the first and second 
scattered beam to calculate the expected contribution to 
e of the inhomogeneity effect, and then subtracting 
this contribution from the observed asymmetry e. The 
angular distributions were measured in each case with 
the same targets and the same beam energy as occurred 
in the double scattering experiment. The magnitude of 
the correction can be seen from Table II. Although this 
is difficult to estimate, it is believed that the additional 
uncertainty introduced in some of the final values of 
e by the inhomogeneity correction is at most as large 
as the statistical errors shown in Table II. 


V. RESULTS AND DISCUSSION 


Table II summarized the asymmetries obtained in 
this investigation. The column headings have the 
following meaning: 71 and 72: first and second 
scattering targets, 0, and 62: first and second scattering 
angles, D: distance between 71 and 72, d: distance 
between 72 and defining counter, Z, and AZ;: average 
energy and spread in this energy at which the first 
scattering occurred due to target 1 thickness, Ey, and 
AE,: average energy and spread in this energy at 
which the second scattering occured due to target 2 
thickness, Eth: the lowest energy proton that was 
detected had an energy Eth below the elastic peak 
energy, fore: observed value of the asymmetry, and 
e: value of the asymmetry after inhomogeneity correc- 
tion had been applied where necessary. 

The most striking conclusion to be drawn from the 
results presented in Table II is that the asymmetry ¢ 
due to polarization of protons of less than 96 Mev is 
very small for the targets and at the angles investigated. 
This conclusion holds for both A—G and A—F coin- 
cidence events, that is events in which the majority of 
both scattering events were elastic and events that 














also included some inelastic scatterings. The errors 
shown are of statistical origin only. It is difficult to 
get accurate estimates of other sources of error but 
they might conceivably add up to the magnitude of the 
observed asymmetries. 

It does not appear probable that the small size of 
the observed asymmetries are only due to an unfor- 
tunate choice of angles and targets. Large asymmetries 
have been observed with higher energy protons using 
the same targets and scattering at corresponding angles. 
The small size of the asymmetries seems to be due to 
the decreased energy at which the two scatterings took 
place in this investigation. 

The asymmetry e directly determines an average 
value of P, the polarization that would be produced by 
scattering an unpolarized beam on the substance in 
question. The average is taken over the energy region 
covered by the first and second scattering. For instance, 
with two carbon scatterers and both scattering angles 
at 20°, the asymmetry e= P,P,= P,?= 3.64 1.6 percent 
and this determines Py =19+13 percent for carbon 
at 20°. 

This value should be compared to P75 percent 
obtained at 130 Mev at Harwell with carbon at 16°. 
The magnitude of this decrease in the value of P is 
typical of the variation for the other target elements. 

Since the observable quantity e varies as P,P», 
it is much easier to measure accurately smal] values of 
P, by using a first scattering in which P, is large. 
This has since been done at Harwell‘ and at Chicago® 
by performing the first scattering above 100 Mev, 
reducing the energy of the first-scattered beam (highly 
polarized) by passing it through absorbers and then 
doing the second scattering at a lower energy. By using 
the Harwell results, it is possible to estimate the 
asymmetries that should have been observed in this 
experiment and the agreement is satisfactory. 

It should be pointed out that Fermi’s theory* for 
the polarization of elastically scattered protons correctly 
predicts the magnitude of the observed asymmetries. 
For 6;=6,= 20°, E;=86 Mev and E,=68 Mev, this 


* Dickson, Rose, and Salter (private communication, 1954). 

5 Heiberg, Kruse, Marshall, Marshall, and Soimitz, Phys. Rev. 
97, 250 (1955). 

* E. Fermi, Nuovo cimento 11, 407 (1954). 
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theory predicts an asymmetry of 3.8 percent or 6.5 The author is indebted to Dr. L. Marshall and 
percent depending on whether potential values deter- Dr. B. Rose for communicating their results before 
mined from total neutron cross sections by Shapiro and publication. Mr. J. Calame, Mr. F. Federighi, Mr. G. 
Gerstein, and Mr. J. Niederer helped during the long 
periods of data taking and greatly contributed to the 
success of this investigation. 


Teem’ or by Taylor’ are used. 


’ I. L. Shapiro and J. M. Teem (private communication 
*T. B. Taylor, Phys. Rev. 92, 831 (1953 
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The many-level formula of the theory of neutron resonance cross sections developed by Feshbach, Peaslee, 
and Weisskopf has been applied to the lowest resonances in Ag and Au. It is concluded that the approxima 
tions involved in the derivation of the usual Breit-Wigner one-level formula may lead to larger deviations 
in the determination of the constants in this formula than indicated by the usually applied statistical errors 
In particular, in the present work a fit is obtained with a nuclear radius given as 1.47A!X10™" cm 








INTRODUCTION 


CONSIDERABLE amount of information has 

been amassed in the studies of neutron capture 
and scattering cross sections at very low energies. The 
experimental data are usually interpreted in terms of 
the resonance formula 


CO; Spt O,T 0 


. 1—2 Re f 
> 4rR*g,) 14 
{ Re f;)?+(kR—Im fo)? 


—Im fo/kR 


+ 


(Re fo)? +(kR—Im fo)? 
o~l*+A(E—Eo) aeol?( E/E)! 


= + + (1,b) 


4E—Eo?+0?  4(E—E)?+1r? 


where ¢, (potential), 7,’ (scattering), and ¢, (capture) 
are >, 49R’g, times the corresponding terms in the 
curly bracket. The formula (1,a) is the phenom- 
enological description of low-energy neutron cross 
sections. The expression is valid only when kR<1, 
where & is the neutron wave number and where it has 
been assumed that the nucleus has a relatively well- 
defined radius R. Because kR<1, only S-neutrons con- 
tribute to o,. The factors g, are the statistical weights 
corresponding to the two possible spin states of the 


* This work was supported by the U. S. Atomic Energy Com 
mission 

+ On leave from the Institute for Theoretical Physics, Univer 
sity of Copenhagen, Copenhagen, Denmark 

iWe use the formulation given by Feshbach, Peaslee, and 
Weisskopf, Phys. Rev. 71, 143 (1947) (referred te as FPW). Sec 
also J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 

John Wiley and Sons, Inc., New York, 1952) 





compound nucleus occurring whenever the target 
nucleus has a spin 0. The function fo is the logarithmic 
derivative of the radial wave function for the neutron 
evaluated at the nuclear radius R. fo has been split into 
its real part Re fo and its imaginary part Im fo. (n,y) 
reactions are responsible for the existence of the 
imaginary part of fo. 

In deriving the usual one-level Breit-Wigner formula 
(1,b) from (1,a), FPW develop Re fy in a Taylor series 
in the neutron energy E and around the resonance 
energy Ey where Re fo=0. In this expansion, only the 
first significant term is kept: 


Re fo= (d Re fo/dE) #o(E—Eo)+---. (2) 


In this way, the constants in (1,b) are defined by 


op=4rR’, 
r=[(kR—Im fo)? ]eo/[ (4d Re fo/dE)* } x0, 


ool = g AwR*{ (1/RR) e0o(—Im fo) zo 
[ (4d Re fo/dE)*] x0}, (3) 


Cal°?= garR? C( bd Re fo dE )? ]z0, 
A = —g,16rR*/ (hd Re fo/dE) eo. 


The validity of (2) is limited to a distance which is 
small compared to the level spacing. Nevertheless, the 
observed resonance cross sections often show an ex- 
cellent agreement with the shape of (1,b) even at 
distances far off resonance. The experimental results are 
often represented in terms of the constants in (3). Here 
for example o,, the energy-independent part of the 
cross section, has been used in order to determine the 
nuclear radius* and it has been concluded that Ag'” 


* J. Tittman and C. Sheer, Phys. Rev. 83, 746 (1951); C Sheer 
and J. Moore, Phys. Rev. 98, 565 (1955) 















































PEN ABO I Cn aay 








ae ee sab raat aad 


SLOW-NEUTRON CROSS SECTIONS 155 


and Ag™ have the radii 1.10 barn! and 0.66 barn! 
respectively, i.e., they differ by 40 percent. Also it has 
appeared to be difficult to reconcile the measurements 
of a, and of (¢,'+¢,)/c,=¢,/o0, with the same set of 
constants (3). A major part of the difference between 
the two results is expressed in a different value for 
oo= (¢.0+0,0) which comes out smaller in the o, meas- 
urements then in the o,/a, measurements. Thus Sheer 
and Moore give oo= 22 200 barns for the 5.19-ev level 
in Ag, whereas unpublished data by Wood? give 
oo= 17 000 barns. Here it should be emphasized that oo 
is not obtained from an actual measurement of the 
maximum cross section at exact resonance since the 
Doppler broadening and finite resolution make this 
particular point uncertain. It is usually calculated 
together with I from data on several sample thicknesses 
using points considerably off resonance. 


THEORETICAL LINE SHAPE 


The argument which is stressed in the present paper 
is that an experimental investigation of o, and o,/o, in 
principle permits a solution of Eq. (1,a) with respect 
to Im fo and Re fo, and therefore instead of introducing 
the series expansion (2) one may try to find these two 
magnitudes as functions of EZ. The method is strictly 
possible only when one spin state is present and only 
one isotope is present (see Appendix A). 

Re fo is a monotonically decreasing function in 
regions where it has no poles. Also Re fo passes through 
several zeros, i.e., it is a function with a tangent-like 
behavior and therefore expressible as (see FPW): 


Re fo= —KR tanz(E)= — KR tanz(W), (4) 


where K is the neutron wave number inside the range 
of nuclear forces corresponding to the energy W and 
where z(£) is an increasing function of E passing through 
consecutive whole multiples of x at the resonances. E is 
the neutron energy outside the nucleus and equals 
W— Vo, where Vo is the depth of the nuclear potential. 
Therefore; as an alternative approximation procedure, 
one may expand 2(£) in a power series around the 
resonances rather than expanding Re fo(E). This is the 
point of view which shall be adopted here. 

FPW show that fp should be expressed as a function 
of W+iT,/2, where I’, is the reaction width. Further- 
more, a series development of z(W) in order to give its 
imaginary part is appropriate, and thus we find 


fo= —KR tan[2(E)+ig(E)], (5) 


where g at resonance equals the reaction width multi- 
plied by $(dz/dE) xo. From 5 we find, when g<1, 


KR sinz cosz 


—Re Se , , (6) 
g°+cos*z 
KRgq 
—In f=. (7) 
g+cos*z 


*R. E. Wood, Phys. Rev. (to be published). 


Equation (6) has the extra zeros coss=(. At these 
points —Im /o is very large, i.e., the denominators in 
(1,a) are very large and no resonances occur at these 
points. Apart from the immediate vicinity of such 
points (6) is very close to (4). 

Formulas (6) and (7) are now inserted in (1,a) and 
the resulting expression constitutes the basis for the 
present alternative interpretation of low-energy neutron 
cross sections. We shall assume as a first approximation 
that s(£) is a smooth function passing through con- 
secutive integral multiples of x at the resonance ener- 
gies. We then use a linear expression for 


2(E)= (E—Eo)x/D, 


where D is chosen equal to the distance to the next 
level. 


Ag'”’ AND Ag'”* 


In order to illustrate the method suggested here, an 
attempt has been made to adjust the expressions in- 
volved in (1,a) to the measured o, and ¢,/o, for the 
lowest resonance in the element Ag,?* where some of 
the very best measurements have been performed and 
where the discussion of the results have led to the 
aforementioned conclusions as regards the difference 
between the radii of Ag’ and Ag", respectively. 

The first level (5.19 ev) in Ag is a spin 1 level. The 
first level (16.6 ev) in Ag’ is most likely a J =0 level.* 
Little is known about the spin of the higher levels. In 
order to determine a linear expression for 2(Z) we 
assume, therefore, for simplicity that the first few 
resonances in Ag™ belong to the J=1 states and in 
Ag” to the J=0 states for the compound nuclei Ag" 
and Ag'”. We shall furthermore assume that the other 
two spin states do not contribute to o, apart from the 
potential scattering contribution 44rR’. 

With these assumptions we find immediately 


2(E) og = nw —0.200n+2E/ 26, (8) 
which gives zeros of (4) for E=5.2 and 31.2, and 
2(E) yor = mar—0.649+r7E 26. (9) 


Having determined 2(£), we determine the value 
of KR, which to a very good approximation is found 
from the energy value Ein at which o, is known ex- 
perimentally to have its minimum. One finds 


KR=—1/tanz(Eyw in) 3.9, (10) 


which is lower than the value predicted by FPW but 
still of a reasonable order of magnitude. 

Finally, g is determined in the following manner. The 
assumption is made that KR and KRgq are the same for 
Ag'” and Ag’. However, this introduces an insig- 
nificant error in calculating o; and ¢,/o, from (1,a) 
when we are dealing with energies smaller than 10 ev. 

* Seidl, Hughes, Palevsky, Levin, Kato, and Sjéstrand, Phys. 
Rev. 95, 476 (1954) 
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We decide to use a value of the nuclear radius of a.(Eo) is also fixed. The deviation between oa; as 
4 measured this way and as measured directly is quite 
R=1.47X10-"A! cm. (11) ) eet. 


We assume equal radii for Ag'” and Ag’. For A = 109 


we obtain 


4 R* = 6.2, (12) 
and 
kR=( E }'/650. (13) 
We then see from (1,a) that for E= Ey we have 
kR kR a 
¢,/¢)— : = Coe 
kR—Im fo(Eo) RR+KRq T 


remarkable and makes it practically impossible to fit 


the 16.5-ev data together. 
Now all functions are completely determined mathe- 


matically and the calculation of o, and ¢,/¢;, is straight- 
forward. The results are shown in Fig. 1 and Fig. 2 
together with the experimental data from references 2 
and 3 and unpublished Brookhaven data.’ The fit to 
the wings of the 5.2-ev resonance curve and to the a,/a, 
curve is better than the experimental uncertainty indi- 
cated by the authors. 


TaBLe I. The Breit-Wigner constants for the 5.2-ev resonance 
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by assumption the same for Ag'’. It should be noted — derived by applying formula (1,b). i 
that the total cross section at resonance is given by = i 
Present analysis Sheer Wood i 
4xR? 1 a f 
Ook = gAwi’ o,(b) 6.2 6.0+0.5 : 
kR kR—Im fo( Eo) I re) 0.133 0.128+0.016 0.149+0.005 i 

Consequently, when Im fo(E») is determined from (7), ew he. XMS eo 
: . x39 2X (3043) i 
: REET SERRE OO alae ' 

a: Past experience has shown that it is impossible to 

“ - obtain a fit of (1,b) to both these curves and with the 

Pee, t same set of constants (3). Again, in making such fits 

& f it has been necessary to introduce different radii for 
X + Ag'” and Ag’. In addition, the magnitude of the 1/» 
sv ° YS absorption at low energies has not been accounted for. P 
i | ete OF The constants (3) as derived from our expressions 4 
» Oe “i are given in Table I together with Sheer’s data and 
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same expression used in Fig. 1. The experimental! points obtained 
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Wood's data. Sheer analyzes his data on the additional 
assumption of different radii for the two isotopes as 
mentioned previously. 
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Fic. 3. The solid curve is o; for Au as calculated in the present approach. The points are experimental data. 


Au'"’ 

In the foregoing treatment of the lowest resonance in 
silver, one has the complication of the presence of two 
isotopes. In Au'*’, only the two spin states 1 and 2 of 
the compound nucleus ‘Au’ will introduce compli- 
cations. 

If we assume that the levels at 4.93 and 61.5 ev belong 
to the J=2 state and assume a linear dependence of z 
on E, we find 

E—4.93 
3s(f)=— +n. (16) 
+6 

We proceed as in the case of silver and find KR=9.2 
and by using Eq. (14) or by fitting the constant in 
the 1/c law we find gXR=0.0305. From the experi- 
mental value of ¢,=5.8 at Emin, determined by 
—tan[z(Emin) }=1/KR [see Eq. (10)], we conclude 
that o, from the J/=1 state is ~5.8 near the 4.93-ev 
resonance and we add this contribution to the o, we 
calculate from (1,a) for the J=2 states. The value 
o,=5.8 barns is larger than o, for the J=1 states. 
This is not an indication that R is larger for this state 
but would result from the above values of KR and g 
if the 80-ev state were a J=1 state and if another 
(bound) J/=1 state appeared at about —20 ev. This 
is perfectly reasonable since a smooth continuation of 
(16) would indicate that the next J=1 state is the 
168-ev level. 

We then calculate ¢, and o,/0, from the expressions 
(1,a) and our formulas for Re fy and Im fo together 
with the semiempirical values of 2(E), KR, and KRq 
given above. The results are shown in Figs. 3 and 4. 
The constants (3) as derived from our mathematical 
expressions are given in Table II. 


CONCLUSIONS 


It is shown that it is possible to understand the 
observed a, and o,/o, curves for the lowest resonance 
in silver and gold with the same values of the constants 
(3) in both the o, and o,/o, curves. The constants 
derived by the present method deviate by more than 
the statistical errors from those used in fitting the data 
directly to the one-level formula. It is therefore con- 
cluded that the approximations involved in the deriva- 
tion of (1,b) from (1,a) may give rise to larger devia- 
tions between (1,b) and experimental data than can 
be hidden in the statistical errors in the data. Therefore, 
care should be observed in the interpretation of Breit- 
Wigner constants when derived from data far off 
resonance. If z is assumed to be linear in E, a deviation 
of 1 percent between (1,a) and (1,b) occurs at a distance 
off resonance of about 1/25 of the distance to the next 
level in the same spin state. For silver, this is about 8 
times I’ off resonance. 
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Fic. 4. The solid curve is ¢,/¢, for Au™ as calculated in the present 
approach. The points are experimental data. 
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Tasie Li. The Breit-Wigner constants for the 4.93-ev resonance 
in Au” as derived from the present analysis compared with 
those derived by applying formula (1,b) 


Present 

analysis Sheer Wood et al.* 
J 2 2 i 2 

P 4.0 13.3 resonant 11.1403 
en(b) 9.2 20.5 17 10.6 nonresonant 
tev) 0.134420003 0.133200089 6.1722001 0.140 +0.003 
caltev"™) 6 638 
725215 

eal tev") a6 89.3 
A BE 84.5 96 +8 


* Wood, Landon, and Sailor, Phys. Rev. 98, 639 (1955); R. E. Wood 
Phys. Rev. 95, 644 (1954) 


It is not our intention to claim that the new constants 
are more accurate than the older ones but only to 
emphasize that the approximation methods may give 
rise to systematic errors which are larger than the 
statistical errors. 

Several points can be criticized in the present treat- 
ment. The deviation from the one-level formula is 
slightly larger than indicated in the Appendix of the 
paper by Feshbach, Porter, and Weisskopf,’ Also, the 
experimentally established large variations in I'y are 
not represented by the present method. 

However, the author believes that it is worthwhile to 
carry out experimental determinations of both o, and 
a, 80 that Re fo and Im fo can be found directly as 
functions of the neutron energy and subsequently be 
compared with theory. Preferably such experiments 
should be carried out on even-even isotopes with intense, 
low-energy resonances. 

Also, it is pointed out that if more careful inves- 
tigations reveal greater detail in the structure of 
resonance curves, one should not try to introduce 
constants which violate the relations between the five 
constants (3). If it turns out to be necessary, one should 
preferably introduce entirely new constants like 
(dq/dE) x and (d*z/dE*) zo. 

The author is indebted to Professor W. W. Havens, 
Jr., Dr. E. Melkonian, Dr. C. Sheer, and Dr. V. Sailor 
for valuable discussions. 


APPENDIX A 


The statement that Re fo and Im fp can be found 
directly from o, and ¢, is applicable only in cases where 
a, and a, are obtained for one spin state only. In other 


* Feshbach, Porter, and Weisskopf, Phys. Rev. 96, 448 (1954) 


cases this can lead to confusing results. Near the lowest 
resonance in Ag, one can construct a ¢, curve from the 
measured o, and ¢,/o, curves. If 7, so obtained is inter- 
preted as 54R*X $(1—(Re fo)m)*/((Re fo)m)*+-44R*X § 
at points not too near resonance and as representing 
(Re fo)» =0 at resonance, one finds the points indicated 
in Fig. 5 for (Re fo)». The solid curve represents 


(Re fo)=—2 tan2z, (17) 


where z is given by (8). This surprising result can be 
qualitatively understood in the following manner. 
Suppose that two isotopes of equal abundance show 
equidistant levels in such a manner that the resonances 
in one of the isotopes appear exactly in between the 
resonances of the other isotope. The scattering cross 
section off the resonances will then be given by 


1+KR tanz\? 1—KR cotz\? 
c= Ma ( — ) +( — . ) | (18) 
KR tanz KR cotz 


This curve shows minima ¢o,™" shortly before any 
resonance. Let us analyze the curve in the following 
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Fic. 5. The points are (Re fo) as calculated in the text for the 
lowest level in Ag. The curve represents —2 tan2s. 


way. We subtract o,™™" from (18) and interpret the 
remainder as } 49R?{1—(Re fo)m?)/(Re fo)». A simple 
calculation shows that we then obtain 


(Re fo)w= —4$KR tan2z. (19) 


Thus we see that the result (17) can be explained merely 
as an effect of the two contributions to the value of ¢, 
for silver. 
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Angular Dependence of the Neutron-Induced Fission Process. II* 
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(Received February 14, 1955) 


The angular anisotropy of neutron-induced fission has been studied with a double fission chamber. For 
U™* at 7.4 Mev and Np*’ at 14.3 Mev, the variation of the differential fission cross section was found to 
depend strongly on the fourth power of the cosine of the angle between the fission fragment and the neutron 
beam. For U™* a resonance-type dependence of the anisotropy on neutron energy has been observed. Qualita- 
tive indication that the light and heavy fission fragment groups have slightly different anisotropies has been 


obtained in the case of Np*’ at 14.3 Mev. 





INTRODUCTION 


[* previous work! it has been shown that the frag- 
ments of fission induced by 14-Mev neutrons were 
anisotropically distributed in the center-of-mass system. 
This property was observed in varying degree for five 
different nuclei. The data were represented approxi- 
mately by angular distributions of the form (1+-A cos’@). 
To expand knowledge of this phase of fission mechanics, 
the present experiments have been directed to addi- 
tional questions. How does the anisotropy change with 
the bombarding neutron energy? Do the light and heavy 
fragments participate equally in the process? What is 
the more precise form of the angular distribution? To 
these ends we have extended the earlier work through 
the use of an improved coincidence apparatus. 

A theory giving information on these questions does 
not exist in the present literature. The collective model 
of Hill and Wheeler*® and the shell-structure model of 
Fong? are recent theories which may be adapted to the 
interpretation of these phenomena. 


EXPERIMENTAL METHODS 


The early studies' were performed with a simple 
parallel-plate ionization chamber. The present experi- 
ments have utilized a collimated double fission chamber 
which is described in detail in the next section. In addi- 
tion to providing fission rates at various angles with 
respect to the neutron beam it supplies the ionization 
spectra of the two groups of fission fragments at these 
angles. It also provides data for the precise study of 
ionization spectra from thermal neutron fission. (See 
Fig. 5.) The light-fragment group which has the highest 
energy is clearly differentiated from the heavy-fragment 
group by a deep valley. As the energy of the fission- 
inducing neutrons increases, the valley in the ionization 
spectrum becomes more shallow. This has been shown 








* This document is based on work performed under the auspices 
of the U. S. Atomic Energy Commission. 

¢ Present address: University of Indonesia, Bosscha Labora- 
tory, Bandung, Java, Indonesia. 

''W. C. Dickinson and J. E. Brolley, Jr., Phys. Rev. 90, 388 
(1953) ; di) E. Brolley, Jr. and W. C. Dickinson, Phys. Rev. 4, 
640 (1954 

*D. L. Hill and J. A. Wheeler, Phys. Rev. 89, 1102 (1953). 

* Peter Fong, Phys. Rev. 89, 332 (1953), and privately circu- 
lated manuscript. 


by Wahl‘ in ionization chamber studies at 2.5 and 
14 Mev. Moreover, radiochemical studies* indicate a 
rapid increase in the probability of symmetric fission 
with rising neutron energy. Thus the distinction be- 
tween the light and heavy groups tends to vanish as 
the fission inducing particle gives more energy to the 
reaction. 

At 14-Mev neutron energy, however, the two groups 
are still readily identified despite the rise in the valley. 
At this energy one has the possibility of discerning 
relative changes in the angular distributions of the 
light and heavy groups. If the effect is marked, it would 
manifest itself by an increase in area of one group and 
decrease in area of the other in the ionization spectrum 
of the fragments. The angular variation of the fission 
cross section is given by the integral over both groups 
of the spectrum measured at various angles. 


APPARATUS 
Fission Chamber 


The fission chamber described in reference 1 had 
several properties susceptible of improvement. Fission 
fragments lost a considerable fraction of their energy 
in traversing the long collimator passages so that the 
energy distribution could not be observed. Also, back- 
ground pulses attributed to alpha particle pile-up, n-p 
and n-a reactions, and to recoiling atoms of the chamber 
gas were of the same magnitude as those pulses from 
the lowest-energy fission fragments. These effects re- 
quired smal! but uncertain corrections to be made to 
the data. 

To minimize these effects a collimated double fission 
chamber was constructed. A cross section of this cham- 
ber is shown schematically in Fig. 1. A common nega- 
tive high-voltage electrode serves a Frisch grid chamber 
and a simple parallel-plate “coincidence” chamber. 
This electrode is 0.066 inch thick and honeycombed 
with 0.016-inch diameter holes over a one-inch diameter 
area to serve as a collimator for the fission fragments. 
The optical transmission of the collimator is 59 percent. 
Only coincident fission pulses in the two chambers are 





5 S. yee Phys. Rev. 95, 126 (1954), 
1955). W. Spence and G. P. Ford, Ann. Revs. Nuclear Sci. 2, 399 
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Fic. 1. Schematic cross section of double fission chamber. 


counted. To attain complete symmetry between the 0° 
and 90° angular settings, the collimator holes are 
inclined at 45° to the electrode normal. The extreme 
angular resolution of the collimator is 93° and the most 
probable angle of emission with respect to the col- 
limator axis is 4°. This is poorer resolution than was 
employed in the first chamber but was necessary to 
increase the fission counting rates and to keep to a 
minimum the energy loss in the collimator passages of 
fragments entering the coincidence chamber. A foil, thin 
to fission fragments, upon which is evaporated a layer 
of fissile material, is mounted directly over the col- 
limator area on the Frisch grid side. Whereas those 
fragments entering the coincidence chamber must pass 
through the foil and collimator passages before expend- 
ing their residual energy in the chamber, the fragments 
entering the Frisch grid chamber lose negligibie energy 
in the fissile layer, providing it is kept very thin. Hence 
an accurate fission ionization spectrum can be obtained. 
An identical honeycombed area, } inch in diameter, 
adjacent to the main collimator serves to collimate Po 
alpha particles entering the Frisch grid chamber. These 
particles are emitted from a monomolecular Po film 
deposited electrochemically on a silver backing which 
is attached to the collimator plate. They are used to 
help calibrate the pulse-energy scale and test the 
equipment. 

A copper-gasketed steel purifier filled with calcium 
chips continuously purified the chamber gas mixture 
(argon+CO,). The purifier was initially outgassed for 
24 hours at 200°C. With gas in the chamber the purifier 
was maintained at 150°C. At this temperature O, and 
H,O contaminants were removed but the CO, fraction 
was not significantly affected. 


Electronics 


A block diagram of the electronic circuitry is shown 
in Fig. 2. Associated with every fission signal in the 
coincidence chamber, there is a signal produced in the 
Frisch grid chamber. These coincident pulses were 
amplified by preamplifiers with cathode follower out- 
puts mounted directly behind the chamber and com- 
pletely shielded by a cylindrical metal shell. The tem- 
perature of the preamplifiers was held constant to 
within one degree centigrade by a thermostatically 
controlled heater. After traversing RG 71/U cable to 
the control room, the pulse from the Frisch grid cham- 
ber, went to a Model 250 gated linear amplifier which 
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also provided proper delay. The amplified pulse from 
the coincidence chamber was applied to a modified 
Harwell discriminator and pulse shaper having the 
desirable feature of generating a square wave output 
pulse only after the input pulse, if greater than the 
threshold setting, has reached its peak value. Thus the 
time delay of the output pulse was not a function of 
the amplitude of the input pulse as in the case with 
conventional discriminators. The output of the Harwell 
circuit created a 3-microsecond gate in the Model 250 
amplifier, arriving about 0.2 microsecond before the 
pulse from the Frisch grid chamber. Output pulses 
from the amplifier, after an additional amplification by 
a window amplifier, inserted to gain distribution resolu- 
tion, were analyzed by a Wilkinson type 100-channel 
pulse-height analyzer.® 

For calibration, a Model 500 pulse generator was 
connected to feed artificial pulses to both preamplifiers 
so that the analyzer output could be calibrated directly 
in terms of millivolt input to the Frisch grid pre- 
amplifier. 

Pulses in the coincidence chamber channel could be 
suitably delayed for the determination of the accidental 
coincidence rate. 


Chamber Tests 


In the design of the Frisch grid side of the fission 
chamber the paper of Bunemann, Cranshaw, and 
Harvey’ was followed. The grid served to shield the 
collecting electrode from charges induced by the elec- 
trons and positive ions in the region of the chamber 
traversed by the fission fragments. The output pulse 
induced by the electrons moving from the grid region 
to the collector was closely proportional to the original 
number of ion pairs produced. Unfortunately, the re- 
quirement that there be no electron collection by the 
grid made it impossible to obtain complete shielding of 
the collector. 

Following the notation of Bunemann ef a/., the im- 
portant parameters of our chamber are: radius of kovar 


























Fic. 2. Biock diagram of electronics. 
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grid wires, r=6.35X 10~ cm, grid wire spacing d= 0.107 
cm, source-grid distance ¢=2.60 cm, grid-collector 
distance p=1.21 cm, p=0.373, 1=0.0174. The ineffi- 
ciency of shielding ¢=//(p+/) =1.4 percent. The mini- 
mum ratio of grid-collector to source-grid voltage to 
insure zero grid interception was calculated to be 1.03, 
corresponding to a ratio of the fields equal to 2.22. 

Tests were made with monoenergetic alpha particles 
to compare the theoretical analysis of reference 7 with 
actual performance. For this work both uncollimated 
U™ and U™ alpha particles from a 10-microgram/cm* 
evaporated layer of uranium oxide and collimated Po 
a particles were used. An argon+5 percent CO, gas 
mixture was used at a total pressure of 900 mm Hg. 
This was sufficient to stop all alpha particles before 
reaching the grid region. 

Results of measuring the pulse height of the U™ and 
Po alpha groups for different values of R, the ratio of 
grid-collector to source-grid voltage, are shown in 
Fig. 3. The theory is well confirmed since there is a 
noticeable increase in pulse height when R is increased 
from 1.0 to 1.1 but negligible difference when a further 
increase to 1.2 is made in R. A value of R equal to 1.1 
was used in subsequent work. 

The “supersaturation” effect, characteristic of argon 
+COy, mixtures, is observed in Fig. 3. This decrease in 
pulse height as the collecting voltage is increased beyond 


a certain point has been variously attributed to electron 
capture resonances in gas impurities, inelastic collisions 
between electrons and CO, molecules when the electron 
drift velocity reaches a certain threshold, and resonant 
reactions with the CO, molecules resulting in a break- 
up of the molecule and to electron attachment to one 
of the components. Despite this disadvantage it was 
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. 3. Pulse height of Po and U™ a particles as a function of 
collecting voltage for different values of R. 
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Fic. 4. Typical a pulse-height distribution. R= 1.1 total 
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found that the high electron drift velocity, low satura- 
tion voltage, and lack of hydrogen content made argon 
+COy, mixtures preferable for these experiments.* 

A typical alpha pulse-height spectrum is shown in 
Fig. 4. The small low energy tail on the U™ peak is 
attributed to alpha particles traveling at grazing angles 
to the source foil. The total widths at half-maximum of 
the uncollimated U™ and collimated Po peaks are 2.56 
percent and 2.22 percent respectively. The correspond- 
ing width of the pulse generator distribution is 2.14 
percent. An rms subtraction of this electronic noise 
contribution to the widths results in “chamber” widths 
of 1.41 percent and 0.60 percent, respectively. It is 
assumed that the contribution of the pulse generator 
to the electronic width is negligible. The lack of 100 
percent shielding efficiency and the dependence upon 
alpha particle trajectory of the amount of charge in- 
duced on the collector by positive ions causes the spread 
to be greater for the uncollimated alphas. 

As a test of the over-all operation of the equipment 
the thermal fission spectra of U™ and U™* were ob- 
served.’ The U™ and U™® foils were in the form of a 
15-ug/cm? painted layer of U™ and a 10-ug/cm* evapo- 
rated layer of U™* respectively. The two spectra are 
shown in Fig. 5. 

The ionization produced by a fission fragment was 
converted to an energy scale by comparison with the 
ionization produced by alpha particles. The energy 
obtained in this way for the most probable light and 
heavy fragments is called the ionization energy. This 
differs from the true energy because the last few Mev 
of the fragment energy are lost in nonionizing processes.” 
The difference between the true energy and the ioniza- 
tion energy is termed the ionization defect. Leachman" 


* W.N. English and G. C. Hanna, Can. J. Phys. 31, 768 (1953). 

* Neutrons were obtained from the thermal column of the Los 
Alamos Water Boiler. 

” Knipp, Leachman, and Ling, Phys. Rev. 80, 478 (1950). 

" R. B. Leachman, Phys. Rev. 87, 444 (1952). 








BROLLEY, 








2000 F _ = 
Pr] Be 

fore = = 
000} = 
r 

s xO =f 
o 

o 








2000r- “ 
4 
' 1900 4 
— 
a 
# 1000- 4 
‘ 2 : 








i i 4 i | 1 
» 40 sO C9) 70 C9) # 100 
Mev 





Fic. 5, U™ and U™ thermal! fission spectra. 

has estimated that the ionization defects in argon gas 
are about 5.7 and 6.7 Mev for the most probable light 
and heavy fragments respectively. 

To compare the present values for the most probable 
energies of the light and heavy fragments with those 
obtained in the careful work of Brunton and Hanna” 
who used an argon+3 percent CO, mixture, it was 
necessary to know how the ionization defect varies 
with the gas mixture. Recently, ionization defect differ- 
ences have been measured for a variety of gases” in- 
cluding pure argon and argon+3 percent CO». It was 
found that the defects in the mixture were 3.0 and 4.5 
Mev greater than those in pure argon for the most 
probable light and heavy fragments respectively. If one 
assumes that this difference depends linearly on the 
percentage of CO, then the defects for argon+5 per- 
cent CO, would be 2 and 3 Mev greater than those for 
argon+3 percent CO:, for the most probable light and 
heavy fragments respectively. To compare the measured 
energy values with those of Brunton and Hanna (see 
Table I) these energy increments have been added. 
Also the values have been corrected by 0.2 and 0.1 Mev 
respectively for fragment mean energy loss in the U™ 
and U™ layers. The values listed for Brunton and 
Hanna were corrected for source and collimator losses. 
The agreement would appear to be satisfactory except 
perhaps in the case of the heavy fragment of U™ where 
the measured value is 4.4 percent higher than those of 
Brunton and Hanna. 


* PD. C. Brunton and G. C. Hanna, Can. J. Research A28, 190 
(1950) 

% Liovd O. Herwig and Glenn H. Miller, Phys. Rev. 95, 413 
(1954) 
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14-Mev Neutron Source 


The source of 14-Mev neutrons was the T(d,n)He* 
reaction, using the atomic beam of 250-kev deuterons 
from the Los Alamos Cockcroft-Walton accelerator. 
The beam was magnetically analyzed and collimated 
before striking a zirconium-tritium target. The neutron 
flux was monitored by counting a known fraction of the 
alpha particles generated in the d+T reaction. The 
error in relative neutron monitoring for various runs 
was about 1 percent. The active foil of the coincidence 
chamber was 10 cm from the target. 

Data were collected in a series of symmetric, re- 
peated runs so as to minimize the effects due to elec- 
tronic drifts and deterioration of the neutron source. 
Since the source to foil spacing was so close, no correc- 
tion was made for the small scattered-neutron back- 
grounds. 


Other Energies 


The neutron sources for the other energies were the 
T(p,n)He’, D(d,n)He’, and T(d,n)He* reactions. Pro- 
tons or deuterons were accelerated by the large Los 
Alamos Van de Graaff generator and were precisely 


TaBe I. Most probable fission-fragment ionization energies. 


Fragment Brunton and Hanna Present work 
v= Light 93.0 92.0 
Heavy 56.6 59.1 
Um Light 94.5 93.0 
Heavy 00.2 61.1 


magnetically analyzed and controlled. The experimental 
area was some 20 feet from the earth so that the room- 
scattered and thermal-neutron background was negli- 
gible. The target assembly consisted of a thin-walled 
gas chamber 10 cm long and 1 cm in diameter and had 
either a 1/20 mil nickel entrance foil or a }-mil molyb- 
denum entrance foil. Target pressures of deuterium and 
tritium of 1 to 2 atmospheres and beam intensities up 
to 10 wa were used to obtain large enough neutron 
intensities for collecting data in a reasonable time. The 
fission chamber was located in the forward direction 
with respect to the accelerated beam to intercept the 
highest neutron flux. The position was adjusted as close 
to the target as the rotation of the chamber would 
permit. Neutron intensities were monitored by both 
a long counter and by integration of the beam current. 
No correction was made for background neutrons 
caused by room scattering or internal scattering in the 
apparatus. Background measurements made for pre- 
vious experiments in similar geometry indicated that 
such corrections would be small. The effects of neu- 
trons produced in the target foil, etc., were measured 
by replacing the target gas by hydrogen or vacuum. 
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The errors introduced by these extraneous neutrons 
were negligible. 


EXPERIMENTAL RESULTS 
Uranium-235 


The first set of data were obtained using an evapo- 
rated layer of U™O., 0.5 mg/cm’, on a gold backing 
0.9 mg/cm’. Irradiations with neutrons of various 
energies were performed at the large Los Alamos Van 
de Graaff Generator. In this study we have sought to 
ascertain the energy dependence of the anisotropic 
distribution of fragments by measuring the quantity 
a;/(0°, E,)/a;(90°, E,) at a number of different neutron 
energies. The results are compiled in Table II and 
graphically exhibited in Fig. 6. Data for thermal and 
14-Mev neutrons are from the earlier work.' The energy 
limits indicated for E, represent the extreme neutron 
energy spread intercepted by the fissile layer resulting 
from degradation of the accelerated charged particles 
in the gas target and by geometrical factors. The stand- 
ard deviations indicated represent a combination of 
statistical errors and allowances for systematic errors. 
Accidental coincidences occurring during these meas- 


Tas.e II. 0°/90° anisotropy in U™* fission as a function 
of neutron energy. 


E, (Mev) 0 25 4.6 7.5" 14.3 

0°/90° 

Intensity 0.99 1.02 1.13 1.36 1,27 1.11 
ratio +0.05 +0.05 +0.09 


+0.06 +005 +0.08 


* Average of measurements at ‘7.4 and 7.6 Mev. 


urements were inconsequential. The standard deviations 
of the angular settings probably did not exceed two 
degrees. Where necessary, small corrections were made 
to the zero-degree data to take into account the effect 
of the finite angular resolution of the apparatus. Recent 
measurements with the T(d,n)He* reaction show that 
additional low-energy neutrons are produced in the 
source when the high-energy neutrons are greater than 
about 20 Mev. These measurements allow an approxi- 
mate calculation of the yield of these low-energy neu- 
trons under the experimental conditions at the time the 
20.4-Mev ratio was determined. The error introduced 
to the ratio by these neutrons is probably small com- 
pared to the error indicated in Fig. 6. 

We also observed the variation of the relative differ- 
ential fission cross section at 7.4 Mev with the same 
fissile layer. This was done to provide a more accurate 
expansion of the differential fission cross section in even 
powers of cosine @ than was possible with the earlier 
data. Figure 7 portrays the result in the center-of-mass 
system together with a least squares fitted expansion 
of the form 1+ cos’®+B cos. For the goodness of 
fit S*, we assign the value 1.6X 10~*. It is clear that the 
fourth power of the cosine is dominant; a fact not 
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evident in our earlier data. The least squares fit yields 
(0°, 7.4)/a;(90°, 7.4) =1.36 in harmony with our pre- 
ceding survey. 


Neptunium-237 


After completion of the U™* experiments a Np®’ 
fissile layer was installed in the ionization chamber. 
This source was prepared by evaporating a deposit of 
Np*"0, to a thickness of about 60 ug/cm* on a 1.1- 
mg/cm? nickel foil. Irradiation of the neptunium was 
performed at the Los Alamos Cockcroft-Walton machine 
with 14.3-Mev neutrons. 

The first phase of this study was the study of the 
fission fragment ionization spectrum at 0° (backwards) 
and 90°. Data were accumulated by taking many short 
runs at each angle until the integral count was 5000 
at each position. Electronic drifts were negligible, 
hence the various runs were simply added. The summed 
data as presented by the 100-channel analyzer at 0° are 
illustrated in Fig. 8. The low-energy background can 
be removed by a short extrapolation of the spectrum 
into the abscissa. This correction is small and con- 
tributes a negligible error. From these measurements we 
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Fi. 7. Relative differential fission cross section 
of U™ at E,=7.4 Mev. 
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100-channel analyzer 


obtain o,/(0°, 14)/a,/(90°, 14)=1.16+2 percent (c.m.). 
This may be compared with our previous value of 1.15 
obtained in (1). In Fig. 9 the smoothed data of both 
positions are illustrated. The 0° (backward) curve is 
shifted toward lower energy because of center-of-mass 
motion. In order to compare the shapes more clearly, 
both curves were reduced to equal areas and their 
centroids were approximately superimposed in Fig. 10 
This pattern will symmetrically invert about 90 
neglecting small center-of-mass effects); hence one 
sees that the heavy group tends to go forward with a 
somewhat higher probability than the light group. For 
reasons previously mentioned it is difficult to make a 
quantitative estimate of this effect. One may obtain a 
measure which is principally of qualitative significance 
by arbitrarily assuming that the minimum between the 
two groups separates them. This assumption is not 
strictly valid. On this premise one finds that there are 
about 10 percent more light fragments at 180° than 
at 90°. Or, inversely, at 0° there are about 10 percent 
more heavy fragments than at 90°, for the same total 
number of fissions at each angle. From the known 
kinetics of 14-Mev neutron-induced fission in U™*, one 
infers that center-of-mass motion can have only a 
relatively small influence on this phenomenon in Np*’ 
It seems probable therefore that this is a real effect in 
the center-of-mass system. The qualitative character, 
it must be re-emphasized, should be clearly borne in 


a 

aes 
: 
- 


Couns ote 


—-*., 
kettle 
Kc) CARLES 8 


“ 4 


© Pal 2 | 6 —— Ss 
Oey (eOENT "AS ST NR MLM 


Fic. 9. Smoothed fission-fragment ionization 
spectra at O° and 90 


mind. We anticipate performing more certain experi- 
ments of this nature in the future. 

In the second phase of the neptunium experiments, 
relative differential fission cross sections at 0°, 30°, 60°, 
and 90° in the laboratory system were measured. 
Accumulation of data proceeded by short runs at 
chosen angles until each angle had approximately 2000 
counts. As in the case of U™*® this was an attempt to 
obtain a representation of the fission cross section in 
even powers of cosé. The 15° point was not obtained, 
but as in the uranium data, one sees by inspection of 
Fig. 11 that the fission cross section depends principally 
on the fourth power of the cosine. This least squares 
fitted distribution is assigned a goodness of fit S*=4 
«10. The fitted curve yields o/(0°, 14)/0,(90°, 14) 
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Fic. 10. Superposition of 0° and 90° ionization spectra 
after reduction to equal areas 


= 1.18 (c.m.) in good agreement with the other meas- 
irements on neptunium. 


DISCUSSION 


In this work, three properties of the anisotropic 
variation of the fission cross section were established ; 
two being rather well founded, and one tentative. In 
both U** and Np*’, at certain energies, the angular 
variation of the fission cross section exhibits a strong 
dependence on the fourth power of the cosine. The 
interpretation of this result is not clear but it would be 
instructive to compare the coefficients in both cases 
with the quadrupole moments of the two nuclei. This 
could afford insight as to how the process depended on 
the shape of the nucleus. Only two nuclei have been 
studied and therefore such conclusions may not be of 
a very general nature. We therefore plan to extend 
these studies to other fissionable nuclei. 

The resonance character of energy dependence of the 
anisotropy seems moderately well established, though 
additional data are desirable, on U™* as well as other 
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nuclei. The decline of the anisotropy may well be 
associated with the rapidly increasing probability of 
symmetric fission with neutron energy. 

The preponderance of heavy fragments in the forward 
direction likewise is susceptible of improved observa- 
tion. Thus this experiment could be performed with 
U™* at 2.5-Mev neutron energy. In this region it is 
known that the ratio of the height of the higher-energy 
peak to valley minimum in the ionization spectrum is 
at least 3.3 whereas in the case of Np®’ it was only 
about 2. 

The progress of this experiment was possible only 
through the assistance of many of our associates. In 
particular we thank L. K. Schlacks for evaporating the 
fissile layers, R. W. Davis for untiring help in setting 
up the apparatus at the Cockcroft Walton machine and 
operating the accelerator, Group P-4 for the generous 
allotment of time on this accelerator, R. K. Zeigler 
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for computational aid, and J. Waugh for graphical 
assistance. 
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Isobaric Triplet Cr** —V** —Ti‘**tt 
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(Received February 28, 1955) 


Cr* has been produced by the nuclear reaction Ti (a,2n)Cr“. The gamma spectra of this nuclide have 
been investigated and peaks fround at 118 kev and 307 kev. The two gamma rays are in coincidence and 
have the same intensity. The gamma rays of the daughter nuclide V“ have been shown to appear in the 
gamma spectra as Cr decays. The half-life of Cr” has been determined as 24+1 hours. The energy of 
the Cr* orbital electron capture has been shown to be approximately 1.30 Mev with a very low log f/ value 
A decay scheme for the isobaric triplet Cr“ —V“ —Ti* is proposed. Using the proposed decay schemes as a 
basis, the masses of Cr“ and V® have been calculated to be 47.969344-22 and 47.96749+4-7, respectively 


INTRODUCTION 


HROMIUM-48 has been reported as an orbital 

electron capturing activity produced in the 
spallation of iron with 340-Mev protons.' Its half-life 
was reported to be 23 or 24 hours. No gamma radiations 
were reported for this nuclide. Cr is an even-even 
nucleus with an associated 0+ ground state? whereas 
V*, the product nucleus, is known to have a ground 
state of 4+ or 5+.' The decay of Cr may therefore 
be expected to be complex with the emission of gamma 
rays. 


* This work was supported in part by the U. S. Atomic Energy 
Commission 

t This paper is taken from a portion of a thesis submitted by J. 
R. Wilkinson to the Graduate Faculty of Florida State University 
in partial fulfillment of the requirements for the Ph. D. degree. 

1 A paper on the decay of Cr was presented before the New 
York Meeting of the American Physical Society, 1955 [van 
Lieshout, Greenberg, and Wu, Bull. Am. Phys. Soc. 30, No. 1, 
32 (1955) }. 

! Rudstam, Stevenson, and Folger, Phys. Rev. 87, 358 (1952). 

2M. G. Mayer, Phys. Rev. 78, 16 (1950). 

? Casson, Goodman, and Krohn, Phys. Rev. 92, 1517 (1953). 


This work was undertaken in an effort to produce 
Cr* and to study its decay scheme and the decay 
scheme of its daughter V**. Because of the great number 
of radionuclides produced in a spallation reaction, 
it was decided to attempt to produce Cr® by alpha 
bombardment of titanium. The nuclear reaction 
expected was Ti**(a,2n)Cr“. The bombardment of 
enriched Ti was indicated since normal titanium 
contains only 8 percent Ti*. 


EXPERIMENTAL 


Enriched Ti as TiO, was bombarded by 50-Mev 
alpha particles in the 60-inch cyclotron at the University 
of California for a period of 4 hours. The total beam 
current for the bombardment was 12.4 microampere 
hours. 

The TiO, together with 10 mg of chromium as 
Cr O; and 10 mg of vanadium as V,O5 was fused with 
anhydrous sodium carbonate for a period of 30 minutes. 
The melt was extracted with hot water and filtered. 
A few drops of 6N NaOH was added to the filtrate 
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and Fe(NO,;); added. The Fe(OH); was filtered and 
the filtrate again scavanged as before. The filtrate from 
the second scavenging was acidified with HCl and 
evaporated to a small volume. The solution was taken 
up in 1:10 HCl, ccoled to below 10°C in an ice bath, 
and three mi of cold, 6 percent solution of cupferron 
added to precipitate the vanadium. The solution was 
filtered and the filtrate evaporated to a smal] volume. 
25 ml of HNO; was added and the 
solution again evaporated to a small volume to destroy 
the excess cupferron. The solution was made basi 
with NaOH and a few mg of Na, added to insure 
the complete oxidation of the chromium. The solution 
was neutralized with HCl, made faintly basic with 
NH,OH, then faintly acid with acetic acid, and the 
The precipitate 


concentrated 


chromium precipitated as BaCrO, 
was centrifuged, washed with HO, and dissolved in 
HCl. The BaCrO, was reprecipitated by addition of 
NH,OH centrifuged, and 
dissolved as before. This step was repeated five more 


and was again washed, 
times to purify the BaCrO,. The final precipitate was 
mounted on thin polystyrene film and the gamma ray 
spectra of the chromium were investigated by scintilla- 
tion techniques employing a differential and integra! 
discriminator similar to the one previously described 
by Fairstein.* 

RESULTS 


The gamma-ray spectra of Cr taken as a function of 
time show peaks at 118-kev and 307-kev. The apparent 
gamma ray at 425 kev is due to the sum line of the 
118-kev and 307-kev The 118-kev, 
307-kev gamma rays and the 425-kev sum line all 
decay with a 23-hour half-life. No annihilation radiation 
was observed in the first gamma spectra of Cr® taken 
2 hours after the separation of vanadium. The absence 


gamma rays. 


of any annihilation radiation confirms the observation 
of Rudstam, Stevenson, and Folger' that Cr* decays by 
means of orbital electron capture without positron 
emission 

Spectra of Cr* taken at intervals of 12 to 24 hours 
show the growth of. gamma rays at 0.99 Mev and 1.32 
Mev. Gamma ray s of 0.99 Mev and 1.32 Mev have 
’ The 
the 
spectra with a 16-day half-life as the Cr* gamma rays 


previously been identified with the dex ay of V* 


observation of these gamma rays growing into 


decay is a positive identification of the nuclide Cr* 
and totally confirms the findings of Rudstam, Stevenson, 
and Folger.' 

The growth of the gamma peak at 0.512-Mev is 


attributed to the annihilation radiation of the 0.69-Mev 


positron of V“. The apparent gamma ray at 2.32-Mev 


the 0.99-Mev 


coincidence of 


and 
these 


line of 
The 


Instr. 22, 76 (1951 


is due largely to the sum 


1.32-Mev gamma rays. 

E. Fairstein, Rev. Sci 
*W.C. Peacock and M. Deutsch, Phys. Rev. 69, 306 (1946 
* Good, Peaslee, and Deutsch, Phys. Rev. 69, 313 (1946 
’ Robinson, Ter-Pogossian, and Cook, Phys. Rev. 75, 
1949 
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gamma rays is consistent with the decay scheme of V**.? 
The weak peak at 2.23-Mev reported by several 
workers*-” was obscured by the 2.32-Mev sum line. 
Gamma spectra of Cr“ taken 2 hours after separation of 
vanadium and after an interval of 2 days are shown 
in Fig. 1. 

The half-life of Cr“ was determfhed by means of the 
integrating scintillation counter. The result of these 
measurements is shown in Fig. 2. The half-life of 
15.8 days for V“ is in close agreement with the half-life 
reported for this nuclide by Walke." The half-life of 
Cr determined by these measurements is 24+1.0 
hours. 


DECAY SCHEMES OF Cr* AND V* 


The decay scheme for Cr must involve an energy 
level scheme in V“ which will permit the following: 
(1) an orbital electron capture to one of the excited 
states of V**; (2) a coincidence between the 118-kev 
and 307-kev gamma rays; (3) very similar intensities in 
the 118-kev and 307-kev gamma rays. 

It is highly probable that the decay of Cr* to V* is 
an allowed transition. In the first place, the parities of 
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2.32 Mev 











PULSE HEIGHT (orbitrory scale) 


Fic. 1. The gamma spectra of Cr“ showing growth of V* 
gamma rays. Curve A shows spectrum taken 2 hours after 
separation of vanadium; curve B shows spectrum taken 2 days 
after separation of vanadium 


* Ticho, Green, and Richardson, Phys. Rev. 86, 422 (1952). 

*M. M. Miller, Phys. Rev. 88, 516 (1952) 

” Roggenkamp, Pruett, and Wilkinson, Phys. Rev. 88, 1262 
(1952 


" H. Walke, Phys. Rev. 52, 777 (1937). 
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the ground state and low-lying excited states of V* 
will be even, as long as these particles reflect shell 
particle levels. Any decay of Cr“ to a state of 2+ or 
higher would result in an ff value high enough that an 
energy for the decay would have to be excessively 
high in order to result in a 24-hour half-life. Even if such 
a high energy were available, there would certainly be 
competition between an orbital electron capture and 
positron emission. Since no positron is observed, a 
0+ or 1+ spin and parity must be assigned to the 
state to which the Cr* decays. 

The fact that the intensities of the 118-kev and 
307-kev gamma rays are very nearly the same makes it 
much more probable to assume that these gamma rays 
are very slightly internally converted than to assume 
the two gamma rays are highly internally converted 
and to the same extent. Assuming a small amount of 
internal conversion, from the experimental results on 
gamma ray intensities, it can be said that the internal 
conversion of these gamma rays will be at most 5 
percent. If the ax is small, then the K-shell internal 
conversion coefficients of Rose ef al.’* indicate that the 
118-kev gamma ray can only be an F1 or M1 transition. 
Because of the even parity one is led to expect for the 
low-lying excited states of V“*, the 118-kev gamma ray 
can only be assigned as an M1 transition.” Also, if 
the ax is small, the transition possibilities for the 
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Fic. 2. The decay curve of Cr* showing the growth of V® in the 
nonequilibrium parent-daughter genetic relationship 
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Fic. 3. Various assignments of the spins and parities 
of the V® daughter in the Cr decay 


307-kev gamma ray can only be £1, £2, M1, M2, and 
M3. The even parity to be expected in low-lying excited 
states of V** rules out El and M2. Accordingly, the 
307-kev gamma ray should be £2, M1, or M3. The 
possibilities for the decay of Cr“ are shown in Fig. 3. 

Recent work by van Lieshout, Greenberg, and Wu'* 
has indicated the ax for the 118-kev gamma ray is 
2 10~* and that for the 307-kev gamma ray is 0.6 107. 
They correlated these values with the assignment of the 
118-kev gamma ray as M1 and the 307-kev gamma ray 
as £2. The decay of Cr* is thereby limited to Fig. 
3(c) or (d). Some indication as to which of these two 
schemes actually represent the decay of Cr might be 
found by comparing the decay of Cr with the decay 
of nuclides one alpha particle on either side of Cr**. 
Unfortunately, Fe has no gamma rays in its decay." 
However, recent work on Ni®*,!® which is two alpha 
particles away, indicates that there is a 170-kev gamma 
ray from the first excited state of Co” to the ground 
state of Co**®. In the decay of Ti“, there is a single 
gamma ray of 160-kev from the first excited state of 
Sc“ to the ground state of Sc*.'’ It is therefore our 
belief that the 118-kev gamma ray present in the decay 
of Cr“ represents the transition from the first excited 
state of V“ and that Fig. 3(c) represents the decay 
scheme of Cr®. 


“van Lieshout, Greenberg, and Wu, paper presented at the 
New York Meeting of the American Physical Society, January, 
1955 [ Bull. Am. Phys. Soc. 30, No. 1, 32 (1955) ] 

6G. Friedlander and J. M. Miller, Phys. Rev. 84, 588 (1951). 

RR. K. Sheline and J. R. Wilkinson (unpublished results). 

7 R. A. Sharp and R. M. Diamond, Phys. Rev. 93, 358 (1954) 
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Fic. 4. A decay scheme for the isobaric triplet Cr*—V“—Ti* 


Mayer, Moszkowski, and Nordheim'* have found 
that the majority of allowed transitions have a log /t 
value of 5.0+0.3. However, log ff values for allowed 
transitions ranging from 4.5 to 5.9 were reported. No 
annihilation radiation in the gamma spectra of Cr* 
was observed. However, due to nearby gamma rays it is 
only possible to set an upper limit of less than 2 percent 
positron emission for the decay. Using the upper limit 
of 2 percent positron emission and the tables of Feenberg 
and Trigg,” it is possible to calculate that the upper 
limit of the energy for the Cr“ to V® transition is 
1.28 Mev. From the tables of Moszkowski,” it is 
found that an energy of 1.28 Mev 24-hour 
half-life corresponds to a log ft value of 4.4. This is a 
relatively low log fi value even for an allowed transition. 
However, any higher log ff value would result in a 
positron to orbital electron capture ratio higher than 
we observed in our experiments. We therefore believe 
that the orbital electron capture energy for the Cr* 
decay is approximately 1.30 Mev with a very low log ff 


and a 


value. 
The decay of V* is considered to be an allowed 
‘* Mayer, Moszkowski, and Nordheim, Revs. Modern Phys 
23, 315 (1951) 
* E. Feenberg and G. Trigg, Revs. Modern Phys. 22, 399 (1950 
*S. A. Moszkowski, Phys. Rev. 82, 35 (1951 
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transition.* Angular correlation studies” of the 
0.99-Mev and 1.32-Mev gamma rays indicate the 
spin and parity assignment of 0+, 2+, and 4+ for 
the ground and first two excited states of Ti**. 

The decay scheme of V* is shown in Fig. 4. These 
results are in close agreement with the observation of 
Casson, Goodman, and Krohn.’ The orbital electron 
capture from the ground state of V** to the 3.22-Mev 
level of Ti* and the 2.23-Mev gamma ray from the 
3.22-Mev level of Ti* to the 0.99-Mev level are shown 
as dotted lines in Fig. 4 since it is not possible to say 
from our data whether or not the 2.23-Mev gamma 
ray has been observed. The sum line at 2.32 Mev is 
slightly broader than one would normally expect and 
this could be atrributed to the very weak 2.23-Mev 
gamma-ray. It is true that the area under the 2.32-Mev 
sum line is approximately what one would expect for 
the sum line of the 0.99-Mev and 1.32-Mev gamma 
rays. However, the 2.23-Mev gamma ray is so weak 
(2 percent) that very little increase in the area under 
the sum line would be expected. 


MASSES OF V“ AND CR* 


The mass of Ti* has been reported as 47.96317+6.¥ 
The masses of V** and Cr** have been calculated on the 
basis of the decay scheme shown in Fig. 4. The transi- 
tion energy of V* is 4.02-Mev with an estimated error 
of +0.028-Mev and the transition energy of Cr* is 
1.724-Mev with an estimated error of +0.2-Mev. 
The conversion factor of 931.152" gives 47.967494+7 
as the mass of V** and 47.96934+ 22 as the mass of Cr“. 
The mass of 47.96934+22 for Cr* differs by 0.00087 
+22 mass units from the value obtained by Green” 
on the basis of empirical considerations. 

The authors would like to express their appreciation 
to Dr. G. B. Rossi and the crew of the 60-inch cyclotron 
at the University of California for their cooperation in 
securing the necessary bombardments for these experi- 
ments, to Mr. P. R. Bell and Mr. Ray Davis of the 
Oak Ridge National Laboratory for their very helpful 
comments and suggestions, and to the Stable Isotopes 
Research and Production Division of the Oak Ridge 
National Laboratory for the loan of the enriched 
isotopes used in these experiments. 
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The effect of a nuclear spin-orbit interaction of the form H,=9@(r)l-@ on photonuclear electric dipole 
absorption is examined. We find that the total cross section is unaffected and give expressions for the (small) 


effect on the average energy of absorption. 


EVINGER and Bethe! and others* have calculated 
the effects of exchange forces on the total electric 
dipole absorption cross section, ojp,.= /'o(E)dE, and on 
the average energy of absorption, W= {Eo(E)dE/cins. 
In view of the observed spin-orbit splitting in low-lying 
nuclear levels, we consider briefly the effect of a spin- 
orbit interaction of the form H,=¢@(r)l-@ on electric 
dipole absorption. (This potential has been used by 
Jensen and Mayer’ to account for observed M1 transi- 
tion probabilities in d;—>s,; transitions which are dis- 
allowed by ordinary M1 operators.) 
The matrix element for electric dipole transitions 
from the state 0 to the state m is related to the total 
Hamiltonian by 


(E,— Eo)(2)on= (2H )on— (2H) no* = th j2)on, (1) 


where j, satisfies the continuity equation and is de- 
rivable from the Hamiltonian according to Eq. (1). 
As has been pointed out previously' and is apparent 
in Eq. (1), any H possessing a commutator with the 
coordinate can in principle affect gine. This condition is 
not, however, sufficient. gin: is proportional to the oscil- 
lator strength, >» fon= don (2m/h*) (En— Eo)(2)on(2)on*- 
Using (1) and carrying out this sum, we obtain 

dn fon= — (m/ih)[ je,2 ]oo. (2) 


4 


Thus, for gin, to be affected, it is also necessary for 
the current to have a commutator with the coordinate. 
The average absorption energy W is proportional to 
>. (En— Eo) fon, which is readily shown to be 

(E,,— Eo) fon= 2m j7) 00. (3) 
Since the spin-orbit interaction gives rise to the current 
jz=0(r)(@Xr), which commutes with z, there is no 
effect on gin:. There should however, be an effect on W. 
Neglecting forces other than ordinary and spin-orbit 
forces, we have 


Je= psi M+O(r) (OX), 

* This work is supported in part by the U. S. Office of Ordnance 
Research 

J. S. Levinger and H. Bethe, Phys. Rev. 78, 115 (1950 

2 E. Feenberg, Phys. Rev. 49, 328 (1936); A. J. F. Siegert, Phys 
Rev. 52, 787 (1937); J. S. wevinger and D. C. Kent, Phys. Rev 
95, 418 (1954) 

+ J. H. D. Jensen and M. G. Mayer, Phys. Rev. 85, 1040 (1952). 

‘J. S. Levinger, Bull. Am. Phys. Soc. 30, No. 1, 66 (1955) 


so that we obtain 


at. (E,.— Eo) fon= 4p? 2m+(r)lo-; 
+ kmh’ (r) (x*+-y"))oo, (4) 


where we have utilized (#Xr),(@Xr),=#?(2+y). [We 
have neglected Pauli Principle correlations in carrying 
out the sum in Eq. (4), since we are at first interested 
only in the explicit effect of the spin-orbit interaction 
on W as evidenced in the last two terms in Eq. (4).] 
To obtain W, the above expression times the square 
of the effective charge' must be summed over the 
nucleons in the ground state and divided by ain, which 
in this case is just VZ/A. Equation (4) may be re- 
written as 


>. (E.- 


The first term yields the well-known result (4/3)7». 
The second term, which is just the spin-orbit energy, 
vanishes for closed /-shells and is a maximum at the 
magic numbers. Thus only a few particles will con- 
tribute via this term to W. At the Mayer® “closed” 
shells (j=/+4), the contributions to W are 


Eo) fon= (4/3 T+0(9)l-o+- mG (rn) Poo. (5) 


81(l+1) Z 8 1(l+1) N 


AE and — 
3 (21+1) ZA 


AE 


~ 3 (2141) NA 


for neutrons and protons, respectively, where AE is the 
splitting of the /+ 4 and /—4 subshells. The third term 
may be approximated by assuming that ¢(r) is essen- 
tially the (negative) constant g over the nuclear wave 
function, so that AE= (2/+-1)h’g and the third term 


becomes 
4 “( AE ) ; 
\f" )00- 
3h? \21+1 


If we use AE=2 Mey, which is consistent with other 
data,® we find that these explicit effects of the spin- 
orbit interaction on W are less than a few tenths of an 
Mev, so that they are not important for the average 
energy of absorption. However, the spin-orbit inter- 
action will still affect W implicitly in its effect on the 
wave function used for the Pauli Principle correlation 
terms, which are dominant in heavy nuclei.’ It is also 
possible that terms in (3) involving spin-orbit currents 
and other assumed currents may not be negligible. 


5M. G. Mayer, Phys. Rev. 78, 16 (1950), 
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The Hamiltonian of the “unified model” of Bohr and Mottelson 
has been derived from many-particle quantum mechanics. A point 
transformation in the configuration space of the N nucleons of 
the core introduces 6 collective coordinates describing the size 
and shape of the nucleus and 3N-6 internal coordinates. The 
collective coordinates are essentially the components of the 
quadrupole moment tensor of the nucleon distribution. It is 
assumed that the wave function ¥ of the nucleus for the ground 
state and the low lying excited states can be approximated by the 
product ¥@ where ¥» depends only on the internal coordinates 
of the core and @ depends on the collective coordinates of the 


I. INTRODUCTION 


B' JHR'* and Mottelson® have recently proposed a 
“unified model” of nuclear structure which has 
had spectacular success mainly in accounting for the 
rotational level structure in heavy nuclei.-* The 
essence of this model can be stated as follows: The 
nucleus consists of a core which can be adequately 
described by a few collective coordinates plus one or 
several external nucleons which are treated according 
to the individual particle model. In the quantitative 
realization of this idea the liquid drop model has been 
used for the core and the motion of the liquid is assumed 
to be irrotational. 

Success of the liquid drop model always raises the 
question : How can this success be understood from the 
more fundamental standpoint of quantum mechanics 
of the many-nucleon system? Bohr® has pointed out 
that the collective rotation of the core can be understood 
by applying an appropriate coordinate transformation 
to the many-particle description. Inglis’ has obtained 
similar rotational levels from a shell model with a 
rotating asymmetric potential. 

In this note we follow Bohr’s suggestion and carry 
out a point transformation in the configuration space of 
the core which is designed to introduce explicitly the 
collective coordinates describing the excitations of the 
core and the internal coordinates describing the remain- 
ing degrees of freedom. The physical picture underlying 
the collective model implies that only a few degrees of 
freedom participate in the motions of the core. Mathe- 
matically this is expressed by the assumption that the 

* Supported in part by the U. S. Atomic Energy Commission 

‘A. Bohr, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd 
26, No. 14 (1952) 

*A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab 
Selskab, Mat.-fys. Medd. 27, No. 16 (1953) 

+A. Bohr, Rotational States of Alomic Nudei (Ejnar Munksga- 
ards Forlag, Copenhagen, 1954 

* Alaga, Adler, Bohr, and Mottelson (to be published 

* Bohr, Froman, and Mottelson (to be published) 

* See the appendix of reference 3 

7D. R. Inghs, Phys. Rev. 96, 1059 (1954). I wish to thank Dr 
Inglis for showing me his manuscript prior to publication and for 
several stimulating discussions about the subject of this paper 


core and the coordinates of the external nucleons. Ve is treated 
as a trial function in the Schrédinger variational principle. For 
fixed VW» this yields a Schrédinger equation for @. The Hamiltonian 
in this equation is the Hamiltonian of Bohr and Mottelson plus 
certain correction terms. W» influences the values of the constant 
parameters occurring in this Hamiltonian but not its structure. 
In the strong-coupling approximation the relationship between 
the moments of inertia of the core and the nuclear quadrupole 
moment is essentially the same as in the liquid drop model. This 
result is also independent of detailed assumptions about Wo. 


wave function V of the nucleus can be approximated by 
a product of a function W» depending only on the 
internal coordinates and a function # depending on 
the collective coordinates and the coordinates of the 
external nucleons. The first factor is the same for the 
ground state and the low-lying excited states under 
consideration. This wave function shall be treated as a 
trial function in the Schrédinger variational principle. 
For a given internal wave function Wp» this variational 
principle yields a Schrédinger equation for ®. 

The Hamiltonian in this Schrédinger equation is 
equivalent to the Hamiltonian of Bohr and Mottelson 
except for certain correction terms. Tolhoek* has 
independently investigated the relations between the 
Bohr-Mottelson model and the many particle problem 
along much the same lines. He does not, however, obtain 
the correction terms just mentioned. 

It has been stressed by Ford® that the very close 
agreement of the theoretical and experimental energy 
ratios of the rotational states does not check the liquid 
drop model for the core. More significant is the theoret- 
ical prediction for the moment of inertia in terms of 
quadrupole moments and deformations deduced from 
isotope shifts. This prediction does not agree quantita- 
tively with experiment.’ In view of this situation we 
examine in Sec. III the influence of the correction terms 
in the Hamiltonian on the moment of inertia. It turns 
out that their effect is too small and has the wrong sign. 


Il. THE COLLECTIVE HAMILTONIAN 


Let us consider a nuclear core with .V nucleons plus 
A—WN external nucleons. The collective coordinates 
should describe the deformation of the core. It is 
convenient to take essentially the quadrupole moment 
of the nucleon distribution: The symmetric tensor py 
is defined as a function of the nucleon positions by 


1 N 
Va= ’ > xix — fda. (1) 
2b ==! 


*H. A. Tolhoek, Physica 21, 1 (1955). 
*K. Ford, Phys. Rev. 95, 1250 (1954). 


170 











§ 
i 
4 
4 
i 
i 


] 
A 





Laney ¢ 


PRN a RGR 


FOE LOD 


T sadembicised bapa Stata 


— 





COLLECTIVE MODES IN NUCLEI 171 


x‘*) is the position of the sth nucleon. By this definition, 
the trace of the tensor ¥, does not vanish identically 


_and fluctuations in size are therefore also described by 


our collective coordinates. The constant 6 shall be 
defined by the condition that the expectation value of 
the trace (>\#,;) vanishes in the ground state. The 
internal coordinates describing the remaining degrees of 
freedom of the core are denoted by &(x‘---x‘?), 
a=1---3N-6. We assume ali the &’s are scalars. 
They need not be specified explicitly for our purposes. 
In the framework of our model we must assume that 
the wave function of the nucleus has the form 


V(x + - x4?) = Wo( Ei: « -Esvs) 
KP (Wir + -Wogs xONTY-- +x), (2) 


The spin and isotopic spin variables have been omitted 
in (2) for the sake of simplicity. It is understood that 
W, depends on all the spin and isotopic spin variables of 
the core and @ does not. @ does depend on the spin and 
isotopic spin variables of the external nucleons. Equa- 
tion (2) is considered to be a trial function in the- 
variational principle 


6(W AV) =6K=0, (3) 
(¥.¥)=1, (4) 


where we keep Wo fixed and vary ®. Instead of expressing 
the Hamiltonian 


1 4 4 
H=-—>V“"+4> V,, (5) 
2M =! ree 


in terms of the new variables £ and wy we find it more 
convenient to replace the variable & in Wo by f(x‘: -- 
x‘) and treat Wo as a function of x"---x(). We have 
then 

V(x") --x'4)) = Wo(x)b(y (x), y), (6) 


where x stands for x‘---x?, y for x(¥*)---x' and 
W for the six independent components Yu. The func- 
tional to be varied is 


1 
K ~ f axf avi 2M) © VOw*. Vow 


We transform the kinetic energy according to the 
identity 


f axf dyVOnw*- VoOv= f axf dy 


K {| Wo) PV. Vb*— |b WF VOW, 
+ (WoT OW —H PTO) -S*VH). (8) 


ere are no accidental degeneracies Vo ‘ 
If th lental d VW, must be 
invariant under time reversal.” In the absence of spin 


~ WE. P. Wigner, Gétt. Nachr. 31, 546 (1932) 





variables YW» would therefore be real. In general the 
nucleon density matrix formed with Wo is real after the 
trace with respect to the spin variables has been taken. 
Thus the last term in (8) vanishes. From the definitions 
of @ and y it follows that for s<.V, 


ob Wi 
—=i 5 —wi, (9) 
Ox, . 7 ax,” 
where x;;= — 4i(1+4,,;)0/d¢,,. We note further that 
v Wis Wim 
Lv 


aml A Ox,“ ax,” 


= (1 2b) {5:48 j mt Sid je 


Wind jm Wid ja tW jdimtWjimdix}. (10) 


We can write 3 in the form 


1 Ny 
x= f ax f ay f dysy—¥(@))| -—_ 


K (Wo VO Wo) || 2+ (1/2Mb) | Wo)" (6u+ Qu) 


ijk 


A 
X (9 )* (4, )+(1/2M) Fo |Wo!* 
reo N+ 


4 
XVOMG*- V+} YF Vive}, (11) 


ree 


where dW = dy dpoodWssd r2edWayd;;. The w’s are inte- 
gration variables. y(x) is defined by (1). The normaliza- 
tion integral is written accordingly 


fof ay f dyoy—V(x))|Wol2\b)2=1. (12) 


Varying ® for fixed Wo we obtain the Schrédinger 
equation for ®. 


(H.+Hint+H,—E)®=0, (13) 


where H, is the collective Hamiltonian of the core, H, 
is the Hamiltonian of the external nucleons and H,, is 
the interaction between collective modes of the core 
and the external nucleons. 


Himn=Q/DW)L L 


r>N «<n 


Xo V .Vo- , 2 V p(x"), (14) 
ron 


dxb(y —(x)) 


where 
Dwy)= f dxsy—vn) Vo)? (15) 
and 


N 
V,(x?) = (1/D(0)) © 


dxd(p (x) Vo" V Vo (16) 


is the potential energy of the rth external nucleon in 
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the field of the undeformed core. of y. 
H,=-(1/2M) > 9""4+4 + Ve VW) =V to dithe (Li)? +4ed ii? (24) 
+2 V,(x). (17) Hine —k'(y)( 2 ¥— © bly) ~ vie 
, XK (x62 jf —4| x | 8,;) |x|. (25) 


The collective Hamiltonian H, is 
H.=(1/2Mb)(1/DW) ID. rij 6p 4b i)D) ei 


ijk 


—[ 2m Dv) f dxi(y —y(x)) > 


‘ 
XHPT Wo +4 [1/Dy)] 


me’ 


x f doy —V(R))WV We (18) 


The normalization condition on # is 


fof aw @* Z 


In order to bring the collective Hamiltonian into a 
useful form we transform the Schrédinger equation 
13) according to Di, D!HD~™'-+H and use the 


operator identity : 


(19) 


D'S #6 jt QW) Dre=DIYDY 25 (be + Wieden D! 


ijt ijk 


1 
bat Qj) D-' (x; 9D) —- 


(S wiD). (20) 
iD i 


-r 
jk 


The parentheses in (#;J)) and similar expressions 
indicate that the differentiation operates only on D 
and not on anything else. H, and Hj, are not affected 
by this transformation. 

H.=T.+V., 
where 


T= (1/2Mb) & wipe t+ (1/Mb)> wiWhjawei, (22) 


ijh 


and 
V.=—(1/2Mb)((S (6 +2 p)D- Maia D') 
ijk 
- D-(SoruD)) 


—f{1 2MDwW)) f dxd(y —y(x)) > V*v" W, 


a=! 


N 


> D vf dxd(¥—V(x))Wo"V ie Wo. (23) 


+ 


a 


We assume further that (~u/<<1 in regions where 
is appreciably different from zero and expand in powers 


The constants co, c’, and c are the expansion coefficients 
obtained by expanding (23) in powers of y. They are, 
of course, functionals of Wo. Similarly k’ and & are 
y-independent coefficients arising in the expansion of 
(14). 

Our Hamiltonian can now be easily compared to that 
of Bohr if we introduce instead of the Cartesian 
components ~ the trace ¥=> ys and the spherical 
tensor a,, #=0, +1, +2 


a= (44/5) *(Was— 4y), 
agi = (84/15) *(War Fis), 
ag 2= (89 /15)4{4 (Vir — Woe) Fir}. 


V., Hin, and the first term of 7, in (22) are then 
separated in terms depending on ¢ only and terms 
depending on the a’s only. The latter are identical with 
Bohr’s Hamiltonian for \=2 if we define constants 
Band C as B= (15/89r)Mb and C= (15/8r)c. The terms 
depending on can also be derived from the liquid 
drop model for the core if one allows density fluctuations 
of the liquid." 

We have thus derived the Hamiltonian of Bohr’s 
unified model from many particle quantum mechanics 
with the assumption (2). This derivation yields a 
correction term 


(26) 


(1/Mb)¥> xidiure: (27) 


ajk 

in the kinetic energy. As long as one treats the constants 
B, C, etc., as empirical parameters this term is the only 
new feature. However, from an appropriate assumption 
for Wo we can in principle arrive at an independent 
evaluation of these constants. 

In investigating the same problem Tolhoek* uses 
collective coordinates a, defined by 


N 
n= a AB) -% r V,*(0.¢,)*, 


a=l 


(28) 


and obtains exactly Bohr’s Hamiltonian without 
correction terms of the form (27), [as in (28) is the 
same as a, in (26) |." From (23) and (24), we see that 
D does not appear in the Hamiltonian except through 
the constants c and ¢’. Tolhoek’s arbitrary restriction 
D=1 therefore does not affect the result as long as no 
attempt is made to calculate the strength of the 
restoring forces from (23). 

"G. Wentze!l, Lectures on Strong Coupling Meson Theory, 
Appendix, University of Rochester, 1954 (unpublished) 


Such correction terms are implicitly contained in Tolhoek’s 
Eq. (5.12) but disappear in the reduction from (5.12) to (5.13). 








COLLECTIVE MODES 


Ill. SOLUTION OF THE SCHRODINGER EQUATION 
IN THE STRONG COUPLING APPROXIMATION 


We wish to discuss the influettce of the correction 
terms (27) in the strong coupling approximation. The 
approximations involved and the results in the lowest 
order are the same as those of Bohr'* and Ford®; we 
find it convenient, however, to use different variables 
in which zero order wave functions can be written down 
in closed form."* In order to separate the vibrational 
and the rotational degrees of freedom we express the 
Hamiltonian in terms of the eigenvalues of ¥, 9g: ¢2 qs, 
and the Euler angles which specify the orientation of 
the principle axes of y. It is convenient to express the 
derivatives with respect to the Euler angles in terms of 
the components, (); (2 Qs, of the angular momentum of 
the core in the direction of the principle axes of ¥. 
They are related to the ru by 


Q.=1L inl O. Win Jrie. (29) 


3 
Vis as , SiS caus 
«cml 
where S; is the orthogonal matrix which transforms y 
to principle axes. Since 


[Q.,qe' ]=0, 


[01,51] =0, (30) 
[01,Se2J= — Sra, (31) 

and all cyclic permutations of (31), we have 
LS ioScxmin=4(g2— 93) 101. (32) 


With’ (32) we find the Hamiltonian in the new variables 


3 @ 0 
H.=—(1 20) & —(1+4,) 
wml O9g OF 
0 0 | 
+(a-a)| (1+2q3)- — (14+29¢2)— | 
Ogs 0q2 
| 0 0 
+ ge— ay") (1+ 293) — (1+29:)—; 
0q3 aq.) 


' | te) i | 
+ (gi—q2)*} (14291) — (1+2q2) | 
| O91 aq: 
+(1, 4Mb)[ (1+ 93+92)(qs—q2) “QO? 
+ (14+93+91) (93-91) “02 
+ (1+9:+92)(g:—92) 07] 
+4ceD qP+4C(E GP +00 Ge, (33) 
8K. Ford, Phys. Rev. 97, 29 (1953) 


“ The mathematical procedures are very similar to those used 
by Wentzel, reference 11. 
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The interaction Hamiltonian is 


A 3 
Hin=—k (YC a-— E ky) ¥ qulm*—4), (34) 
« c=] 


r=N+1 


where n‘? =x" /|x "|, m, is the component of nin the 
direction of the “body fixed” axis «. 

For the sake of simplicity we shall assume only one 
external nucleon from now on. The discussion could 
easily be generalized to cover more nucleons. The 
strong coupling approximation is characterized by the 
assumption that # is an eigenstate of FP, /;, j*, j; where 
I is the total angular momentum of the nucleus, j is 
the angular momentum of the external nucleon and 
I;, j3 are components in the direction of the “body 
fixed” 3-axis. Let K and Q be the eigenvalues of /; 
and j; respectively. For the low-lying states K=Q. k’ 
and & are replaced by constants k’ and k, The diago- 
nal part of the Hamiltonian in this representation is 


A= Ay ’+ Avi’ +A rot, (35) 


where 


e 0 0 
Ayn’ = — (1 aT) pe —+ (ga—g2) ( — on ) 
. 0g2 093 Og2 


0 a 
+ (q3—4q1) (. ame ) 
Ags 941 


1 te) 0 
are ( oo ) jrtex qe 
(gi—q2) Ogi 0q2 « 


+4°(S ge (Co-RIEL P+h(gs—4X ge) 
x (30 — j(j+1)[4/G+)}". (36) 


H,»' is the vibrational part of the correction term (27) 


7) ) é 
Hy ix! = — (1/Mb)1 —g—+ (qa—g2) (o 
« Og, 94x qs 


rs] a é 
=“ -)+ (asa) (0 eee, 5% ) 
Age Og 0g; 


é 0 
+(a-0*( ar a )} (37) 
0g) Os 


It is neglected in the following since it has no effect on 
the moment of inertia in our approximation. In order 
to retain it without inconsistency we would have to 
include third order terms from the potential energy. 
The rotational energy has the form 


Aros = 49-1141) — (K*4+-9%) + j(j+1) 


— (—1)/-4(j+4) (14+4)baydu,} (38) 
where the moment of inertia 9 is given by 
g= (1 /4M b){ (1493492) (qa— 92)? 
+(1+qs+91) (qa—qu)*). | (39) 





174 F. COESTER 


Hy»° is treated as the zero order Hamiltonian, Art 
is a perturbation. The variables in H,»,° can be sepa- 
rated by introducing ¢’, g, and ¢’ as follows 

f= Dds, 

g= qa—(gitq2), (40) 

7 = 3 8)4(gi:—qz). 


In these variables H,,° is separated if q’* remains small 
compared to g and can be neglected. We have then 


| & 2a 
Hy = — (3/2Mb) +3( , ) 
ag” ag qdaq 


Gh i: @ 
dg” g' dd 


+h —k’)¢ + 4cq'*+ hcg? 


4 (c’+4c)q” 


+kf (30° — j( j+1))/6j(j+1)]g. (41) 

The eigenfunctions of this Hamiltonian are of the form 

Pen= xl(gx (Qe P), (42) 

where the x’s are harmonic oscillator wave fuuctions. 

Since b was defined by the condition (¢)=0 we must 

have co=k’. Our approximations require the following 

relations between the parameters: The expectation 
value @ of g is 


q= (k/OLGG+1) —3P)/4 (f+). 45 


Because of the expansion of the potential energy in 
powers of the g’s all matrix elements of the g’s must be 
small compared to one. We must have 4/1 or 
k/c|«1. The conditions (g)<«<1, (¢—q@)*«1 and 
(¢®)<<1 imply 

Mbc)'>1, 44) 
and 


(Mb(c+3c’) }>1. 45) 


The existence of a rotational spectrum requires that 
the vibration rotation interaction be small 

({q- q)° << q’, (46) 
or 


Mbc)*>2/k’. 47) 


From (47) follows g"<@ which was used above. If 
these relations hold the expectation value of the moment 
of inertia (39) can be written in the form 
(d-')= (1/2M be) (14-49 

+3((g—9@)?7+2(¢297}. (48) 


[he correction terms in (46) all decrease the moment of 


inertia. Neglected terms are of the order @, (¢*)*q-* 
or smaller. In principle off-diagonal matrix elements 
of the Hamiltonian with respect to K and Q contribute 
correction terms in second-order perturbation theory. 
It is easy to see, however, that their effect is small 
compared to the corrections given in (48) .!° 


IV. DISCUSSION 


It should be emphasized that our results are independ- 
ent of detailed assumptions about the structure of the 
core. The structure of the collective Hamiltonian and 
the expression (48) for the moment of inertia do not 
depend on the internal wave function WY». The essential 
assumptions of our model are the definition (1) of the 
collective coordinates together with the separation of 
the wave function (2). Here as with the liquid drop 
model the deformations must be smal! enough to allow 
an expansion of the potential energy in powers of the 
deformation. This is necessary to arrive at any quantita- 
tive conclusions. The assumption of a small vibration- 
rotation interaction (46) appears inescapable where 
pure rotational spectra are observed. Not much progress 
can be expected from further investigation of Wp» in 
the present model, since with the assumptions just 
stated one cannot hope to fit experimental moments of 
inertia and quadrupole moments no matter what Ws is. 
The reason for this lies probably in the fundamental 
assumptions (1) and (2). We notice in particular that 
our collective coordinates are additive in the nucleons of 
the core. Correlations between different nucleons in the 
core are therefore not included in the collective modes. 
Brueckner ef al.'* have pointed out that there is good 
experimental evidence for strong correlations. The 
magnitude of the experimental moments of inertia may 
also be evidence in favor of such correlations. An 
improvement of our model is being sought in two 
directions. (a) One may generalize the model to allow 
for a possible difference between charge and mass 
distribution in the core. (b) One can investigate 
alternative definitions of collective coordinates which 
would not be additive in the individual nucleons. One 
might, of course, also try to retain (1) and modify (2) 
as follows": 


W=Wo(')- > - Eaw—0gigogs)P( gd xy), (49) 


but then the model gives hardly any predictions without 
the full knowledge of Vo. 

I wish to thank Professor G. Wentzel for his continued 
interest in this problem and many helpful discussions. 


‘5 See A. Bohr, reference 1, Sec. V, 4 
* Brueckner, Eden, and Francis (preprint 
'? See A. Bohr, reference 3, Appendix. 
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Energy Available for Beta Decay of Nd'*’ 
H . Benjamin G. Hocc 
1 Department of Physics, Royal Military College of Canada, Kingston, Ontario, Canada 
i (Received February 10, 1955) 
F A study of the beta-decay systematics at mass number 150 suggests that the mass-spectrographically 
determined Nd'®—Sm'* difference of 4.6+0.8 Mev is too high. If the recent value of Pm'®—Sm'* = 5.3 
ls +£0.15 Mev is used with a graphically estimated value of 4.0 Mev for the Nd'®—Sm"™ difference, then 
i single beta decay of Nd! is energetically impossible. 
4 
i sabe imitates aan 
_¢ HE possibility of beta decay of Nd has been from the mass spectrographic data of Hogg and 
f suggested by Kohman! and experimentally sought +Duckworth. Except for the discontinuity at 82 neutrons 
by Mulholland and Kohman.’ No activity was found in the Ce—Nd family all the lines are reasonably 
and a lower limit of 210 years was placed on the straight and depend little on whether the energy 
half-life for such a decay. difference is for odd-A or even-A nuclides. 
4 Recently a measurement of the total energy of beta The Nd'*—Sm' energy difference at mass number 
4 decay of Pm’ has been made,’ giving a Pm™—Sm'® 150 as read from the straight line is 4.0 Mev, which still 
d mass difference of 5.3+0.15 Mev. The Nd'®—Sm' 
f mass difference has previously been measured mass ? 
spectrographically,* and a value of 4.6+0.8 Mev of ND- SM 
: obtained. The large error in this last measurement pe CE-ND SM-GO 
; precludes any final statement on the single beta decay 3} 
; of Nd’, since as Mrs. Kistiakowsky Fischer points >2 ’ 4 
out,’ the energy available for decay by this mode is ps ‘ =: nel a 
now —0.7+1.0 Mev or a maximum possible energy of “1/138 140 142 146 146 148 ISO 152 IS 156 
decay of 0.3 Mev. JB je tat 
; If one treats the beta-decay energy systematics in a nos a 
: manner similar to that of Way and Wood?® and plots “s 
; energy difference for double beta decay or the energy “Sr etn 
E of two successive disintegrations against mass number 
A, then one obtains what appear to be straight lines. Fic 1. The energies of two successive beta disintegrations are 
oad a s “ : plotted against the mass number for three families. The circles 
lhe resulting curve for the Nd—Sm nuclides plus the are beta-decay data taken from reference 6 and the circles with 
immediate neighbor curves for Ce—Nd and Sm—Gd, errors are mass spectrographic values taken from reference 4 
are shown in Fig. 1. The values which are used to po gr lie Aga circles indicate that more energy is possible in 
f construct these curves are taken from the compilation 
. of King* and represent the best beta-dec ay data ties within the experimental error of the mass spectro- 
available. The two points, with errors indicated, are graphic value of 4.64+0.8 Mev. If one considers this 
' T. P. Kohman, Phys. Rev. 73, 16 (1948) 3 value of 4.0 Mev to represent the Nd'”’~—Sm'™ mass 
(1952). peepee. apt 7. 2. Selman. Fae Tey, SMe difference, and even if one allows an error as large as 
th *V. Kistiakowsky Fischer, Phys. Rev. 96, 1549 (1954) +0.8 Mev, then the Nd'—Pm' mass difference 
wae nea gtd gangs bh ry ay, oa (1954). would now be = 1341.0 Mev whic h leaves no 
*R. W. King, Revs. Modern Phys. 26, 327 (1954) possibility for the single beta decay of Nd’. 
_* 
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Energy Levels of Pb*”* 


G. E. Tavser 
Depariment of Physics, Western Reserve University, Cleveland, Ohio 
(Received February 21, 1955) 


The various hole-particle configurations in the neighborhood of the doubly magic nucleus Z = 82, N = 126 
have been investigated and applied to the excited states of Pb™. For a particle-particle interaction of the 
form V = (mP+nQ)V(\t:—12|), where P denotes Majorana and Q Bartlett forces, the energy levels have 
been calculated in the L-S and j7 limit both for a delta-type and Gaussian potential with various ranges 


and compared with the experimental results 





I. INTRODUCTION 


ECENT experimental work by Elliott! indicates 

that the excited states of Pb®* do not follow the 
simple J=0, 2, 4 rule found for most even-even nuclei,’ 
but have spins ranging between 3 and 6 and odd parity. 
According to the shell model,’ Pb™* is a doubly “magic” 
nucleus and its lowest excited levels would arise from 
the excitation of either a proton or neutron and could 
be treated in terms of particle-hole configurations. 

Pryce‘ has considered various two particle configura- 
tions in the neighborhood of the double closed shell 82 
protons and 126 neutrons in the j-j limit and obtained 
the energy levels for a delta-potential interaction. His 
results have not been applied to Pb, partly for the 
reason that the work by Elliott had not been known. 
Also we believe that a hole-particle configuration 
has to be treated differently from a particle-particle 
configuration. 

In this work we wish to investigate all possible 
particle-hole configurations which could play a part in 
the excited states of Pb®*. A general particle-particle 
interaction of the form V=(mP+nQ)V( 14-1) ), 
where P denotes the Majorana and Q Bartlett forces, 
has been assumed and the energy levels in the L-S 
and j-j limit obtained for all possible configurations. 
Finally the energy levels have been calculated for both 
a delta-type and a Gaussian potential with various 
ranges. Comparing our results with the experimental 
data for the spins and energy levels of the excited 
states of Pb™* we are able to rule out certain configura- 
tions and determine the strengths of the others. 


Il. CONFIGURATION 


From tables of shell structures’ we find that the 
following hole-particle configurations are possible®: 


(a) excitation of a neutron 
3Pia gore, 3piya tare, 2 fea 2gove, (1) 


'L. G. Elliott (unpublished communication). 

*M. Goldhaber, Phys. Rev. 90, 600 (1953) 

*M. G. Mayer, Phys. Rev. 74, 235 (1948); 75, 1969 (1949); 
78, 16 (1950) 

*M. H. L. Pryce, Proc. Phys. Soc. (London) 65, 773 (1952) 

*P. F. A. Klinkenberg, Revs. Modern Phys. 24, 63 (1952) 

*We exclude those which would give rise to positive parity 
Strictly speaking the partially filled shells (in the L-S limit) 
should also be considered, such as lay, h Lins ? 


(b) excitation of a proton 
3s; a 1h 2; 3syo2f7 25 2d3/97' 1 hye. (la) 


The corresponding L-S configurations and J-values are 
shown in Table I. 

In order to calculate the L-S limit energies we make 
use of the theorem on nearly closed configurations,’ 
according to which the direct integral of nearly closed 
configurations is simply the negative of the corre- 
sponding particle configurations apart from a constant 
term.* Applying the sum rule it is found that the triplet 
states are equal to the singlet ones 


J='J=J. (2a) 


Most of the necessary results have been given in the 
literature,’ and the others can readily be found with the 
help of Racah’s formulas.” The Bartlett operator (0 
interchanges the spins, which in the case of hole- 
particle configurations (where one introduces the spin 


Tape I. J values and L-S states for various 
two-particle configurations. 


Configuration J L-S states 
Prs2horn 5 ‘HOt HOG 
4 HG 'G OF 
Purtiss 6 SS Se 
5 3] 3H 'H 
ferskere 7 . a Bs 
6 a, A ae 
5 7] 3H 'H %G 
4 a G GCG F 
3 G °F 'F 48D 
2 7F 3D 'D 5p 
Siahora 5 ) ; Mn «| 
4 °H 
Si aft 2 4 ol 
3 sf OF 
dsrhe 6 yyy 
5 7] *H HH G 
4 HG GC YF 
3 G iF 'F 


7E. U. Condon and G. H. Shortley, The Theory of Atomic 
Spectra (Cambridge University Press, Cambridge, 1951), Chap. 13. 

*G. E. Tauber and T. Y. Wu, Phys. Rev. 94, 1307 (1954). 

* Reference 7, Chap. VII, and G. H. Shortley and B. Freed, 
Phys. Rev. 54, 739 (1938) 

” G. Racah, Phys. Rev. 61, 186 (1942). 
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ENERGY LEVELS OF Pb#*** 177 


of the “missing” particle) results in the fact that all 
triplet states vanish and the singlet states are twice 
the value of the direct integral, as 


90+'0=J+J=2/ (2b) 


from the sum-rule. For convenience sake we have sum- 
marized the ones we need (see Table I) in Table IT. 
In the case of the exchange (Majorana) integrals, the 
effect of the spin is to make the triplet states equal to 
the singlet ones, 


iP='!P=P, (2c) 

They can be calculated with the help of a simple 
formula," 

=—gG", gp=((24+1)(2e+1)/2L4+1]Cuit (3) 

first given by Shortley," and are summarized in 


Table IIT. The fact that there is this difference between 
particle and hole configurations makes us believe that 


TABLE II. Energies in the LS limit for Bartlett (Q) interactions. 


Con 
figura- 
tion State Q 
pe ‘H —2Fo—5S6F, Fo= FP 
G —2Fo+154F; F,= (1/385) F* 
pi y —2Fo+22F; Fo=P 
'H =~—2Fo—14F;, F,= (1/55) 
fg ‘J —2Fo—280F,—84F,—8F, 
YT  —2Fo+210F:+-406F .4+-WF « Fo= FP 
‘HS —2Fo+318F,—S78F,—2150F, = F.= (1/1155) FP 
WG —2Fo+188F,—78F.+-1350F, Fy= (3/11 011)F* 
‘PF  —2Fy—GOF:4+-598F,—2340F, Fe= (1/11 269.4)F* 
'‘D  —2Fy—230F 1 +-286F .+-2574F 6 
sh ‘H —2Fy Fo=F 
sf ‘'F —2F, Fyo= FP 
dh ‘LT —2Fo+66F:+72F, 
'‘H =—2Fo+70F,—168F, Fo=F 
GG —2Fot+OF,+182F, F,= (1/273) F? 
‘PF —2Fo—104F,—78F; F,= (1/819) F* 


hole-particle configurations should be treated differently 
than particle-particle configurations and from first 
principles. 

The transformation to the j-j limit then proceeds in 
the ordinary manner. The energy in the j-j limit in 
terms of the L-S energies is given by 


E,=A8' E(J)+- 8 EVJ)+7VE(J+1)+RE(J—-1), (4) 


where the coefficients a, 8, y, and 6 have been given by 
Racah" and again by Pryce.‘ The expressions occurring 
in our work are given in Table IV. 

"Only alternate states, those with L=1,4+/,, 1,+/,—2,--- 
l,—1,| have nonvanishing G coefficient as CijlL vanishes if the 
triangular conditions [/;—/2:| <1 <1,+/:; L+/,+/,=2g are not 
met. 

#G. H. Shortley and B. Freed, reference 9. 

4G, Racah, Physica 16, 651 (1950). 


TABLE III. Energies in the LS limit for Majorana (P) interactions. 














Conf. State P 

pe Pal P —-12G, Gy= (1/49) 
3H='H —15 Gs Gs= (1/121)G* 

pi tJ = —7G; G,= (1/75)G" 
3H ='H —18 Gs Gs= (1/121)G* 

fe JmlJ ~49 G, Gy= (1/429)G 
‘H='H — 180 Gs Gs= (1/1573)G* 
‘Pm IP —18 G, Gy= (1/77) 6 
sP='P —4 G, G,= (1 HG 

sh *H='H — Gs Gy= (1/11)G* 

sf SP=alP — Gs Gy= 1/)G 

dh Jails —7 G; G,= (1/65)G" 
'H='H ~—10 Gs Gy= (1/97)G* 
ee i — 50 Gs Gy= (1/137) 


Ill. ENERGY LEVELS 


The contribution to the energy consists of three 
parts, viz., the energy due to the interaction with the 
core, the spin-orbit interaction and the central inter- 
action between the extra particles. As none of the 
parameters occurring is known, we are only able to 
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Fic. 1. Energy levels for delta-type potential. The levels are 
lotted in terms of the parameter Pc 2q. (8)) for the various 

le-particle configurations listed and for three values of a as 
indicated. The numbers indicate the spins of the levels (all having 
— ve parity). 

















178 G. E. TAUBER 
Taste IV. Transformation of energies JJ to LS. 
Configuratior J 
Pisrherr 5 E,= (5/15) ‘£(5) + (6/15) *E(S) + (4/15) *£(4) 
4 Ey= (4/27) ‘E(4) + (4/15) *£(4) + (11/1215) #E(5) + (140/243) *£(3) 
Put 6 te (7/39) ‘E(6) + (25/234) *£(6) + (120/169) *E(7) + (11/3042) *E(5) 
5 Ey= (1/3) ‘E(5)+ (5/18) *£(5)+(7/18) *£(6) 
Surekors 7 E,= (3/7) 4E(7) + (24/49) *£(7) + (4/49) *E(6) 
6 Eg= (20/63) 'E(6) + (640,/ 1323) *B.5) + (15/637) #£(7) + (56/351) #£(5) 
5 Es= (2/9) ‘E(5)+ (64/135) *E(5) + (20/297) *#F(6) + (13/55) *E (4) 
4 E,y= (1/7) ‘E(4) + (16/35) * (4) + (26/315) 4£(5) + (20/63) *E(3) 
3 Ey = (5/63) ‘E(3)+ (80/189) *E(4) + (4/49) 4£(5) + (550/ 1323) *E(3 
2 Ey= (2/63) 'E(2)+ (64/189) *E(2)+ (11/189) *£(3)+ (4/7) *E(1) 
Siena 5 E,= (5/11) ‘2(5)+ (6/11) *E(5) 
4 E,=*E(5 
dazhere 6 Eg= (7/55) 'E(6) + (3/110) #£(6) + (120/143) 4#2(7) + (9/1430) 25) 
5 Ex= (13/55) ‘E(5) + (39/550) *£(5) + (819/ 1210) *E£(6) + (48/3025) 2 (4) 
4 E,= (18/55) \E(4) + (81/550) *#E (4) + (416/825) *E(5) + (7/330) *E(3) 
3 Ey= (2/5) ‘E(3)+ (3/10) *#E(3) + (3/10) *E(4) 


make qualitative guesses and compare the results for 
the different configurations. 
For a simple harmonic potential the energy is given by 


E=hyv(2n+l), (5) 


which, in our case, becomes for configurations with a 
neutron outside closed shells 11hv and 9hyv for those in 
which a proton is excited, where y is the frequency of 
the oscillator 

The spin-orbit energies in the j-7 limit are given by 
the diagonal elements of the operator’ 


H A) 
=> 


— 


(A 


tna f'(7'+1)-1'(U'+-1)—s*(s'+1)/2], (6) 
where {,; is the spin-orbit coupling, negative for par- 
ticles and positive for holes (according to the shell 
model). From this result one might conclude that 
certain configurations require lower energies of excita- 
tion than others. The result is shown in Table V. 

In the case of a delta-potential type interaction, 
both the F and G integrals of Slater are equal and con- 


nected to the fundamental integral by" 

Ft=G* = (2k+1)F’. (7) 
As we are only interested in the relative strengths of 
the interaction and the difference of energy levels we 


Taste V. Central and spin orbit interactions for 
various hole particle configurations 


Central Spin orb 

‘ nfigurats nteractton ntera t 
Spur lee llhy Sap +202, 
Tee llhy {sp— (7/2 
2 fur lee llhy Wap + 2ls 
ea Ee hv ~3 ia 
fT Nfs Qhy ty 
2dare Lhe Vhv Nau 

* Reference 7, Chap. 10 

1. Talmi, Helv. Phys. Acta 25, 185 (1952 


define two parameters 


l=mF°, a=n/m, (8) 


and try to find a reasonable value for a to match the 
experimental data. (Of course 7 can also differ from 
configuration to configuration as F° depends on the 
radial wave function). The energy levels for the delta- 
type interaction are plotted for different values of a 
and configurations in Fig. 1. 

For the Gaussian (or any other) potential and simple 
harmonic oscillating wave functions the generalized 
Slater integrals can be expressed in terms of Talmi 
integrals'® defined by 


1=Nef exp(—vr’)r*'*?V (r)dr, (9) 


with the help of simple relations.'® For a Gaussian type 
of potential, the Talmi integrals are given by’ 


T= Vol d?/(1+A*) ] 41, (10) 


where A\=ro\/v; ro is the range of the nuclear forces 
and » is related to the range of the wave function. We 
have obtained the energy levels for three values of X, 
viz., A=4, } and 1 which roughly correspond to nuclear 
ranges of 1.0, 1.5, and 2.0X10~" cm for an acceptable 
value of v. The constants m and n have been obtained 
from free-nucleon scattering data,’ and the energy 
levels for the three values of \ plotted in Fig. 2. 


IV. COMPARISON WITH EXPERIMENTAL RESULTS 


The energy levels obtained by Elliott are shown in 
Fig. 3. It is seen that the lowest excited level has a 
spin /=3, which might indicate that a proton is ex- 
cited into an s or d state (see Figs. 1 and 2). That it is 

'* Reference 8, Appendix I. In applying those results they had 


to be generalized for #0, as the radial wave function consists of 
several terms (see reference 15) 


7G. E. Tauber and T. Y. Wu, Phys. Rev. 93, 295 (1954), 
Table I 
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more probable to excite a proton than a neutron may 
also be inferred from the fact that there is a difference 
of 2hy in the central energy due to the core (see Table 
V). As none of the configurations contains all the levels 
present we have to assume that more than one con- 
figuration plays a role in the level scheme. In order to 
differentiate between the various configurations we 
might consider the spin-orbit interaction. Nothing is 
known @ priori about the magnitude of the spin-orbit 
parameter ¢,; except that it is negative and increases 
with increasing / and n. From this and the results in 
Table V it follows that 2ds2-'1h9/2 is definitely lower 
than 35s,,2'1hg;2 and may or may not be lower than 
3812 '1Agy2. Similarly, 3:)27'2go/2 is lower than 3p1/37! 
X lite and probably also lower than 2f5/22g9/2. 
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Fic. 2. Energy levels for Gaussian potential. The levels are 
pases in terms of the parameter V» (Eq. (10) ] for the various 
ole-particle configurations listed and for three values of \ as 
indicated. The numbers indicate the spins of the levels (all having 
—ve parity). 


Thus in the case of the delta-potential interaction 
between the extra particles (Fig. 1) a possible scheme 
would be: 


T=3: da2he:, 

T=5: Syjohtos2 OF  pry28o/2, 

T=4: Sih OF pry2¥o/2, (11) 
I=5: d; Ny 2, 

T=6: d32ho2, 


with a ratio of n/m of the order of 2. The strength of 
the interaction can then be determined by fitting the 
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Fic. 3. Energy levels of Pb®* (according to Elliott). Energy jevels 
are given in Mev and spins and parity indicated. 


experimental levels. However, as the number of unde- 
termined parameters is sufficiently large, no new in- 
formation can be gained. 

In the case of the Gaussian potential (and for the 
type of interaction assumed here) the situation is not 
as simple as before. It is again possible to obtain as the 
lowest level one having J/=3 (see Fig. 2), but not pos- 
sible to obtain the other levels in the right order. This 
might indicate that the Gaussian potential is not the 
one to be used here, but a different, say, a Yukawa type 
potential as suggested by Lee-Whiting'* or that the 
particular type of interaction and constants assumed, 
while applicable to light nuclei'’ are not the ones to be 
used here. 

In the light of all this, we can conclude in stating 
that it is possible to obtain the energy levels of Pb™* 
for certain configurations and interactions, but that 
based on the levels alone an exact evaluation of the 
parameters would be meaningless, due to the fact that 
there are so many parameters and all could be fitted. 
Furthermore it is quite likely that all the possible 
configurations enter and that configuration interaction 
must be considered. Calculations along these lines are 
now being carried out here. 

In conclusion we wish to thank Dr. Lee-Whiting for 
valuable discussions, Dr. L. G. Elliott for letting us see 
his results before publication, and Miss A. Dranse for 
help with the numerical work. 


* We are indebted to Dr. Lee-Whiting for private communica 
tions on this point 
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Decay of U*** (74 yr)* 


Geetreupe Scnarrr-Go_pnaser, E. per Mateostan, G. Harpotrrte, AnD M. McKEown 
Brookhaven National Laboratory, Upton, New York 
Received March 11, 1955 


The decay of the a emitter U™ (74 yr) was studie 


| by means of y-ray scintillation counters and by a 


technique involving the impregnation of a scintillating crystal with this source. Excited states were found 
at @ kev, 190 kev, and 330 kev. The first two are interpreted as rotational states of character 2+ and 4+ 
and the third as probably a 1— state. The branching ratio, for transitions from the 330-kev state to the 


> , c= 


2+ state and ground stat 


found to be shorter than 2 10~* sec, in contrast to earlier reports based on a study of the 8 decay of Ac* 


A CAREFUL study of the complex disintegration 
scheme of Ac”*(MsThz) by Kyles, Campbell, and 
Henderson' made it appear plausible that the first 
excited state of Th™* lies at 57 kev. A study of coin- 
cidences between + rays and conversion electrons from 
the highly converted 57-kev transition seemed to indi 
cate that the 57-kev state has a half-life r>10~’ sec, 
and a study of the distribution of electron pulses in 
time led the authors to conclude that r>0.01 sec. 

The relative conversion coefficients for the 57 kev 
transition in the Z;, Ly, and Ly; shells determined by 
Brodie’ identify this transition as £2 if interpreted on 
the basis of Rose’s’ recent results on L conversion 
coefficients. This spin and parity assignment and also 
the energy fit well into the pattern of first excited states 
of even-even nuclei.‘ However, an £2 transition of this 
energy is expected to be faster even than a one-particle 
transition (7 <10~* sex 

Recently Dunlavey and Seaborg’ reported that a 
highly converted y ray of about 60 kev follows the 
a emission of U™ in 31 percent of all disintegrations 
It seems probable that this transition is identical with 
that following the 8 decay of Ac®*, and therefore we 
chose U™, with its presumably very simple disintegra- 
tion scheme, to search for the half-life of the first ex- 
cited state of Th®*. As a first step we incorporated, by a 
method previously described,* a small amount of the 
U™ source’ (kindly supp’ ed by Dr. M. H. Studier of 
the Argonne National Laboratory) into a Nal(TI 


crystal whi h was then attached to a photomultiplier 
tube. If the 60-kev transition had a half-life r>1 usec, 
which is the resolving time of the crystal, we would 
have observed pulses corresponding to conversion elec- 


trons from this transition, in addition to the a-ray 


* Work performed under the auspices of the U. S. Atomix 
Energy Commissior 

Kyles, Campbell, and Henderson, Proc. Phys. Soc. (Londor 
A66, 519 (1953 

*W. D. Brodie, Proc. Phys. Sox London) A67, 265 (1954 

* Rose, Goertze!, and Swift (private communicatior 

‘G. Scharfl-Goldhaber, Phys. Rev. 90, 587 (1953); P. Stihelin 
and P. Preiswerk, Nuovo cimento 10, 1149 (1953 

*D. C. Dunlavey and G. T. Seaborg, Phys. Rev. 87, 165 (1952 

* Scharff-Goldhaber, der Mateosian, Goldhaber, Johnson, and 
McKeown, Phys. Rev. 83, 480 (1951 

’ The U™ sources were separated from their decay products 
immediately before use. The samples contained, however, a 30 
fold excess (in weight) of U™ 


te are 57 percent and 43 percent respectively. The half-life of the 60-kev state was 


ns 


pulses. No such pulses were observed, implying that 
r<1 usec. We also prepared a U* source mounted on 
1 mg/cm? pliofilm and studied coincidences between 
two scintillation counters with thin anthracene crystals 
as detectors. The conversion electrons impinged directly 
on the crystal whereas the a particles had to traverse 
the pliofilm backing. Coincidences were observed be- 
tween a@ particles and conversion electrons (a) by 
triggering an oscilloscope with a-particle pulses and 
observing pulses due to the conversion electrons from 
the 57-kev transition on the oscilloscope screen and 
b) by triggering with conversion electron pulses and 
observing the a-particle pulses. In a similar fashion 
coincidences were observed between a particles and 
L x-rays (Fig. 1) and a@ particles and the unconverted 
60-kev gamma ray by using a Nal(TI) crystal as the 
photon detector. Since the oscilloscope ‘‘writing speed” 
was 1 ywsec/inch, the above data indicated that the 
half-life of the Ist excited state of Th?* was <~4.1 usec. 
Coincidence measurements between a particles and 
electrons were repeated using an oscilloscope with a 
“writing speed”’ of 0.2 usec/inch and again the trigger- 
ing pulses and the signal pulses of the oscilloscope 
appeared in prompt coincidence, hence r<2X10~* sec, 
in agreement with expectations. As an additional check, 
a source of Ac”* was separated from its parent Ra”* 





4 (b) 


Fic. 1. a—L x-ray coincidences in U™. (a) The first pulse 
reading from left to right is the L x-ray pulse from detector 1 with 
which the oscilloscope is triggered during the coincidence run 
The second pulse is self-triggered and shows a-particle pulses in 
detector 2. The third pulse is the a-particle pulse in detector 2 
shown while the oscilloscope was being triggered by the L x-ray 
pulse of detector 1. (b) The roles of the a and L x-ray pulses were 
reversed and again the first pulse shows the triggering pulse 
a particle in detector 2), the second pulse shows the L x-rays in 
detector 1, self-triggered, and the third pulse shows coincidences 
between the triggering pulse and the signal (/ x-ray in detector 1 
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100 200 
PULSE HEIGHT ANALYZER SETTING 
Fic. 2. Photon spectrum of U® (E <200 kev). Curve I, taken 
with a 1 cm? NaI (T]) crystal with a Be window, shows the relative 
intensities of the 60-kev gamma rays and L x-rays. Curve II was 
taken with a (3 cm)* Nal(TI) crystal. It shows the relative in- 
tensities of the 60-kev and 130-kev gamma rays and the K x-rays. 
The bump on the right side of the 60-kev peak in curve I was due 
to Bi K x-rays accompanying the decay of Pb*", a daughter 
product of U*. This residue of Pb*? was removed from the source 
by a repurification before Curve II was taken 


and coincidences were observed between 8 particles and 
L x-rays; from this experiment we obtained an upper 
limit of 0.2 usec for the lifetime of any electromagnetic 
transition strongly converted in the Z shell. Since most 
of the L x-rays are due to the conversion of the 57-kev 
transition, this supports the results obtained with U™. 

The complete photon spectrum of the U source 
was investigated with a NalI(TI) scintillation counter 
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100 200 300 400 
DISCRIMINATOR SETTING 
Fic. 3. Photon spectrum of U™ (£<400 kev). Two well 
resolved gamma rays are seen at 270 kev and 330 kev in addition 
to K x-rays and the 130-kev gamma ray. This run was made with 
the (3 cm)* Nal(TI) crystal and a source of U™ which had been 
repurified to reduce the concentration of daughter products in 
the sample. The 159-, 239-, and 320-kev gamma-ray lines of Te™, 
Pb™?, and Cr", respectively, were used to calibrate the energy scale 


equipped with a single-channel pulse-height analyzer 
(Figs. 2 and 3). In the low-energy region unconverted 
y rays of 60+3 kev were seen as well as strong L x-rays, 
some K x-rays, and 130-kev gamma rays (Fig. 2). 
Assuming that practically all of the Z x-rays are due to 
the conversion of the 60-kev transition, and applying a 
factor of 0.50 for the L-shell fluorescence yield,* we 
obtain a value of 120 for the L conversion coefficient of 
the 60-kev transition. We further find for the K con- 
version coefficient of the 130-kev transition a value of 


TaBLe I. Internal conversion coefficients and transition probabilities of y rays from U™ 


Obs. rel 

j Energy of Assumed intensities of 
4 7 rays character of unconverted Conversion coefficients* Computed rel, int No. of transitions 
‘ (kev) transition y Tays ex € «mM fon of transitions per 100 a's 

60 E2 100 tee 97 32” 129 130 32 

120° 

130 E2 0.51 0.36 2.40 0.8» 3.56 23 0.574 
i 0.38° 
t 
i 270 F1 0.037 0.035 0.005 vee 0.04 0.039 0.0096 
; 330 Ei 0.028 0.022 0.003 0.025 0.029 0.0070 


t * Extrapolations of data in tables privately circulated by Rose ef al. (reference 3). 

| > ew was estimated to be | of «t. This agrees with measurements made by Brodie (reference 2). 

E © Experimentally determined values. See text 

i 4 After these experimental results had been obtained, it was learned from a report by Rasmussen (reference 13) that Asaro, Stephens, and Perlman (private 

} communication), by investigating the a spectrum of | had also observed a 190-kev level. The a branch leading to this level was found to be 0.3 per 
100 a's, in fair agreement with our result 


*B. B. Kinsey, Can. J. Phys. A26, 404 (1948 
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|? (i S rw.4 Spectrum of photons coinciding 
| | | with @O-kev y rays of U™ as displayed 

with a gray wedge analyzer. This spec 
trum indicates that both the 330- and 
270-kev » transitions arise from a 330-kev 
level. Prominent lines are seen at ~35 kev 
(a), ~90 kev (K x-rays) (c), 130 kev (d), 
and 270 kev (e); f indicates the position 
of the 330-kev line which is missing in the 
coincidence spectrum. The position of the 
triggering (O-kev 7 rays is given by b. 
The ~35-kev line may be the 42-kev 
gamma ray of U™ which coincides with a 
56-kev gamma ray 


0.38 after correcting for crystal efficiency and fluores- 
cence yield. Both conversion coefficients are compatible 
with £2 type transitions (see Table I), suggesting that 
Th** may have a second rotational state (4+) at 190 
kev. In this case E./E,=3.16, which agrees within 
limits of error with 3.33 as derived from the Bohr- 
Mottelson /(/+1) rule. Coincidence studies proved 
that the two y rays are indeed in cascade. No cross-over 
gamma ray of 190-kev energy was seen; had it been 
present to the extent of 1 percent of the unconverted 
130-kev transitions, it would have been detected. 

The ratio of the unconverted gamma rays V y;30: V6 
«1:2. If one uses the theoretical conversion coefficients 
for E2 transitions and the latest value’ for the per- 
centage of a transitions going to the ground state 
(68 percent), one finds that per 100 a transitions there 
are 32 transitions of 60 kev and 0.57 transitions of 
130 kev. The details of the calculations are given in 
Table I. 

These two transitions seem to be identical with the 
56.75- and 127.5-kev transitions, respectively, observed 
by Kyles and collaborators' in the decay of Ac™*. These 
authors also observed a 184.2 kev transition, identified 
as M1, on the basis of its K/L ratio, with an intensity 
~1.2 times that of the 127.5-kev transition. It was 
assumed to be the cross-over transition from the second 
excited state of Th™*. Our results concerning the missing 
cross-over transition in the decay of U™ (<1 percent 
of 130-kev transitions) show that the 184.2-kev line is 
not the cross-over transition from the second excited 


State 
Tasie II. Alpha-branching ratios for U™ 
Theoretical Experi 
ranch mental 
Decay ing ratio Experi forbid Theoretical 
prob without mental denness spin cor 
@ energy 10 spin cor branching factor rection 
(Mev -— rection) Rr ratio Rx Re Rr factor 
S31 a3 0 680 0.680 1 1 i=0 
5.258 Le] 0.310 O.314 1 0.64 Uw2 
$.128 0.62 0.0505 0.0087 0.11 0.23 Ue=4 
4.988 0.086 0.0070 0.00017 0.24 os i=! 


* See reference 9 


* F. Asaro and I. Perlman, Revs. Modern Phys. 26, 456 (1954 





Recent unpublished studies by Asaro and Perlman" 
indicate a level of 330 kev in Th. By analogy 
with the decay schemes of neighboring even-even 
nuclei these authors concluded that this is a 1— 
state. We made a careful search for y-ray transitions 
to the 2+ state and to the ground state from this level 
which revealed indeed the two corresponding peaks of 
270 and 330 key (Fig. 3). 

From the coincidence spectrum shown in Fig. 4 we 
see that the 60-kev y ray coincides with the 270-kev 
y ray, but not with the 330-kev y ray. We therefore 
conclude that a 330-kev state exists which probably has 
spin and parity 1—, although 2+ is also compatible 
with our experimental evidence. In the latter case a 
140-kev transition to the 4+ state at 190 kev might be 
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Fic. 5. Proposed disintegration scheme of U™. The spin assign- 
ments of the 60-kev and 190-kev states are based on the measured 
internal conversion coefficients, whereas the spin assignment of 
the 330-kev state is tentatively made following Stephens, Asaro, 
and Perlman’s systematics. (See reference 10.) However, an 
assignment of 2+ for this state is also compatible with the experi- 
mental evidence. From the experimentally determined relative 
intensities the number of transitions per alpha particle (in per- 
cent) were computed by using the value reported by Dunlavey 
and Seaborg (see references 5 and 9) for the 60-kev transition. 


expected. A weak transition of this energy cannot be 
excluded on the basis of our experiments, since it would 
be masked by the 130-kev y ray. The relative intensities 
of the 330- and 270-kev y rays are Iy230/I+v270=0.76. 
The data used for the calculation of the absolute transi- 
tion probabilities, assuming that both transitions are 
F1 transitions, are given in Table I. It follows that 57 
percent of the transitions from this level go to the 2+ 
state and 43 percent to the ground state." 


“See Stephens, Asaro, and Perlman, Phys. Rev. 96, 1568 
(1954 

"It seems worthwhile mentioning here that H. B. Box and 
G. S. Klaiber [Phys. Rev. 95, 1247 (1954)], who studied the 
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DECAY OF U#*#** 


In Table II, a-particle branching ratios derived from 
theoretical transition probabilities® are compared with 
the experimental branching ratios calculated from the 
observed y-ray intensities. In agreement with previous 


unconverted y rays emitted from Ac™*, found lines of 278 and 
336 kev, which they assigned to transitions from a 336-kev level 
to the first excited state and ground state of Th™*. However, 
their Fig. 3 indicates that in the Ac®* decay the 336-kev line is 
much stronger than the 278-kev line, in contrast to the intensity 
ratio found in the U™ spectrum. This may be due to the super- 
position of a 347-kev line corresponding to a transition from a 
404 kev, postulated by the authors, to the 57-kev level. 

2 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952), p. 575. 
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observations on even-even a emitters the a@ transition 
intensity to the 2+ state is approximately equal to 
that predicted by theory without taking the spin cor- 
rection into account, whereas the transitions to the 4+ 
state and 1— state are reduced by factors 0.11 and 0.24 
respectively, in contrast to the theoretical spin correc- 
tion factors 0.23 and 0.84 respectively.” 

The proposed decay scheme for U™ is shown in 
Fig. 5. 


%J. O. Rasmussen, Jr., University of California Radiation 
Laboratory Report UCRL-2431 (unpublished), and E. L. Church, 
private communication. 
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Average Number of Neutrons per Spontaneous Fission of Cm***t 


G. H. Hicers, W. W. T. 


Crane, Anp S. R. Gunn 


Radiation Laboratory, Livermore, California 


(Received February 28, 1955) 


The average number of neutrons per fission, », for Cm™ has been measured by the manganous sulphate 
moderator-absorber system. The value 2.60+-0.11 has been determined. 


SAMPLE of Cm™ was purified by ion-exchange 

techniques and electroplated on a platinum foil of 
about 20 cm? area. The foil was rolled tightly and the 
heat output from it was measured calorimetrically. The 
calorimeter used was of the steady-state resistance 
bridge type used at the Mound Laboratory.’ The accu- 
racy of the present measurement was about one percent. 
A small: portion of the original sample was pulse 
analyzed and the fraction of Cm™ was measured and 
the total heat output was corrected for the contribution 
from this source. From the alpha disintegration energy 
and half-lives for alpha emission and spontaneous 
fission,? the number of fissions in the sample was 
determined. 

The number of neutrons emitted from the sample was 
determined by placing it at the center of a tank con- 
taining a saturated solution of manganous sulphate. 
After the Mn**, which was produced by the capture of a 
neutron by Mn*, was in equilibrium with the neutrons 
from the sample, the activity in the solution was de- 
termined with an immersion counter. The efficiency of 
the tank and counter system was measured by finding 
the ratio of counter events to neutrons from several 


+ This work was performed under the auspices of the U. S. 
Atomic Energy Commission. 

 Eichelberger, Jordan, Orr, and Parks, Atomic Energy Com- 
mission Declassified Document AECD-3515 (unpublished) and 
other Mound Laboratory reports 

? Hollander, Perlman, and Seaborg, Revs. Modern Phys. 25, 
469 (1953). 


calibrated polonium-beryllium sources. Since the tank 
was infinitely large to the polonium-beryllium neutron 
spectrum, no correction for spectral differences was 
necessary. 

Corrections were made for the contribution to the 
number of neutrons from the spontaneous fission of 
Cm™, using the value of v=3.0+0.3 determined by 
Barclay and Whitehouse.’ This correction amounted to 
about 0.8 percent. An upper limit for the contribution 
from neutrons produced by the alpha particles on low-Z 
elements was determined by preparing a sample of 
Cm* in the same manner and measuring an apparent y 
in the same system. The value determined was 3.68, as 
compared with 3.0 measured by coincidence methods, 
and since the ratio of decay by alpha emission to decay 
by spontaneous fission is about twenty-five times larger 
for Cm than for Cm™, and the energy of the alpha 
particles emitted by Cm™ is about 0.4 Mev lower than 
those of Cm™, the error introduced from this source is 
estimated as about one percent. While the precision of 
the measurements is +1 percent, the accuracy of the 
standards may be in error by as much as 3 percent. 

We are deeply indebted to S. G. Thompson for 
supplying the source material and wish to express our 
thanks to J. Harper and L. Mann for their help with the 
electronic equipment. 


*F. R. Barclay and W. J. Whitehouse, Proc. Phys. Soc. (Lon- 
don) A66, 447 (1953). 
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Bombardment Energy and Fission Product Yield Pattern for Protons 
on Natural Uranium and U** 


W. H. Jones,* A. Townicx,t J. H. Pazater, anp T. H. HANDLEY 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 
Received October 25, 1954; revised manuscript received March 14, 1955) 


Relative fission yields of ten nuclides produced by proton-induced fission of natural uranium and U™* 
were determined at several proton energies in the range 12 to 20 Mev. The expected trend toward symmetric 
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fission at increased energies is observed. A statistical relation is used to correlate this shift in fission symmetry 


with the excitation energy of the compound nucleus 


NUMBER of investigations in recent years’ 

support the conclusion that symmetric fission is 
increasingly favored at higher excitation energies of 
the compound nucleus. This laboratory has previously 
reported a preliminary study® of the influence of 
bombardment energy on the proportions of Mo”, Ag", 
and Ba™ formed during proton-induced fission of 
uranium. Those results led to a more extensive series 
of experiments, including the work on natural uranium’ 
and U™*, herewith described, and similar studies now 
in progress on U™, Th, and Th™. 

The target assembly, Fig. 1, consists of four foils of 
natural uranium, or two foils of electrodeposited U™, 
each about 25X6 mm in size, interleaved with cal 
culated thicknesses” of aluminum to form a stack. One 
bombardment was also made with two foils of electro- 
deposited natural uranium. The thickness of the pure 
natural uranium foil was 11 mg/cm’, while the thickness 
of the electrodeposited natural uranium and the U™ 
was of the order of 4 mg/cm". Special purity aluminum 
was used as a base for the deposits. The foil stack was 
attached inside the target head against the 11-mil-thick 






INTERNAL : Al PROSE 
PROTON : 
BEAM = 
Al WINDOW 5 WATER 
il mil e COOLING 


STACK OF UGAI FOILS, 
25cmx0.60 AREA 


Fic. 1. Target assembly for proton bombardment of uranium foils 

* Research Participant from Emory University, Emory 
University, Georgia 

tOn leave from Michigan State College, East Lansing, 
Michigan, 1952 

P. R. O'Connor and G. T. Seaborg, Phys. Rev. 74, 1189 (1948). 

* AS. Newton, Phys. Rev. 75, 17 (1949 

*R. H. Goeckermann and I. Perlman, Phys. Rev. 76, 628 
(1949) 

*R. W. Spence, U. S. Atomic Energy Commission Report 
AECU-645 (1949) (unpublished 

*A. Turkevich and J. B. Niday, Phys. Rev. 84, 52 (1951 

*H. A. Tewes and R. A. James, Phys. Rev. 88, 860 (1952 

' J. S. Wahl, Phys. Rev. 95, 126 (1954 

* Fowler, Jones, and Paehler, Phys. Rev. $8, 71 (1952 

* Tentative results presented at the 1953 Washington meeting; 
Jones, Paehler, Handley, and Timnick, Phys. Rev. 91, 486 (1953 

* Aron, Hoffman, and Williams, U. S. Atomic Energy Com 
mission Report AECU-663 (1949) (unpublished 
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aluminum window, directly in contact with the cooling 
water. This head was then positioned to intercept the 
internal proton beam near the maximum radius of the 
86-inch fixed-frequency proton cyclotron." The usual 
bombardment was 100 wa for an hour. Detuning of the 
beam was helpful in avoiding “burning” and crumbling 
of the uranium foils. 

The beam energy was determined in separate 
bombardment runs by producing the (p,m) and (p,2n) 
reactions of Cu® in a stack of copper foils."' Computa- 
tion from known excitation curves” and the range- 
energy relations” for protons in copper gave 20.5+1.0 
Mev as the beam energy. The energy of the protons 
reaching each uranium foil in the target stack was 
calculated from the beam energy thus estabiished and 
the range-energy curves in aluminum and uranium. 
For bombardments of pure natural uranium, the 
first three foils were arranged to receive energies of 
~18, 15, and 12 Mev, respectively, while the fourth 
foil was set beyond the proton range as a check on 
neutron fission background. For the electrodeposited 
natural uranium and U™, two foils were arranged to 
receive energies of 20 and 16 Mev ina series of bombard- 
ments. In another series of bombardments of two foils 
of electrodeposited U™, the first foil received 12 Mev, 
while the second was set beyond the proton range. 
The neutron fission background proved insignificant. 

After the activity induced by a given bombardment 
run was allowed to diminish overnight, the target was 
disassembled and, in the case of the pure natural 
uranium, each foil was dropped into an individual 
flask containing nitric acid and silver as a carrier 
(the latter because of its strong absorption on glass). 
When dissolution was complete, the contents were 
diluted to 100 ml, and measured aliquots were used 
for determination, by radiochemical and counting 
methods, of the relative amount of each of the chosen 
fission products. The electrodeposited natural uranium 
and U** foils were dropped into individual beakers 
containing nitric acid and warmed until active efferves- 
cence ceased. Each resulting solution was decanted, 
with its rinsings, to a volumetric flask. 


" R. S. Livingston, Nature 170, 221 (1952). 
%S. N. Ghoshal, Phys. Rev. 80, 939 (1950); Blaser, Bohm, 
Marmier, and Peaslee, Helv. Phys. Acta 23, 3 (1950). 
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Fic. 2. Relative fission yields for natural uranium, 20 and 18.2 Mev 


On the basis of considerations of medium half-life, 
suitable intervals of mass, and practicability of the 
chemistry involved, the isotopes selected were, As”, 
Y", Mo”, Ru’, Ag!!! Cd! Sn, Bal, Nd'7, and 
Sm". For most of these, the chemical procedures used 
were no departure from the standard methods described 
by Meinke,” the exceptions being molybdenum and 
the rare earths. For molybdenum, the ether extraction 
steps proved both tedious and inefficient; the use of 
silver nitrate as a final precipitant has been criticized." 
The method adopted employs repeated a-benzoin- 
oxime” precipitations, a combination of scavenging 
operations, and final precipitation with lead nitrate. 

The insoluble fluorides of the rare earths were 
isolated from the other elements present, then redis- 
solved in a mixture of boric acid and concentrated 

"2 W. W. Meinke, U. S. Atomic Energy Commission Report 
AECD-2738 (1949) (unpublished 

“N. E. Ballou Radiochemical Studies: The Fission Products 
(McGraw-Hill Book Company, Inc., New York, 1951}, Paper 
No. 257, National Nuclear Energy Series, Plutonium Project 
Record Vol. 9, 1538 ; 

Another point not adequately made in the literature is the 
apparent instability of the 2 percent alcoholic solution of 
a-benzoin-oxime used as precipitant. Old solutions precipitate 
very poorly; two weeks is suggested as the age limit for this 
reagent 
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nitric acid. After several scavengings,'® the rare earths 
were precipitated as hydroxides, dissolved in hydro- 
chloric acid and the solution introduced onto a column 
of Dowex-50 cation exchange resin, 250-500 mesh. 
This column, some 2 cm in diameter and 90 cm long, 
was maintained at 100°C by a steam jacket, after the 
design of Ketelle and Boyd.'’ A 5 percent solution of 
citric acid, kept sterile with a little phenol and adjusted 
very carefully with ammonia to pH 3.40, was used as 
the eluant. At this operating temperature an eluant 
throughput of 150 ml per hour was achieved by placing 
the reservoir two floors above the exchange column 
and reinforcing all connections. The receiving vessels 
were placed on a turntable controlled by an interval 
timer so set that each consecutive vessel received the 
column output for 30 minutes. Once routinized, this 
installation would dependably separate overnight the 
yttrium, samarium, and neodymium, in that order. 
Each was then precipitated as the oxalate, and the 
precipitate washed, transferred, and ignited to the oxide. 

All precipitates in this work were bonded into 
stainless steel planchets by the addition of a trace of 

Reference 14, p. 1673. 
pial H. Ketelle and G. E. Boyd, J. Am. Chem. Soc. 60, 2800 

7) 
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Fic. 4. Relative fission yields for uranium-235, 20, 15.5, and 12 Mev. 


shellac to the alcohol used in transferring. These 
planchets were filed by number and their activities 
were counted at intervals of one, three, or seven days, 
over a period of several half-lives. For the most part, 
the resulting log-rate plots showed insignificant 
contamination, and the curves could be extrapolated to 
zero time with confidence. Mixed half-lives were 
involved in only three cases: Ru" (40 day) es Ru'*(365 
day); Cd™*(54 hr) vs Cd"*(43 day); and Sn™(27 hr) 
vs Sn'™(130 day) vs Sn™(10 day). 

As a basis for yield calculations, thermal neutron 
runs were made by exposing similar uranium foils in a 
nuclear reactor, followed by radiochemical and counting 
operations identical with those used for the cyclotron- 


irradiated samples. Calculation of proton fission yields 
was then made on the basis of the known yields'* of 
the thermal neutron process, by the basic relation of 
relative yields” 


( Yy ) (—" / ~*) ( Ay ) 

Ymto/ » Ay/Amo/ n\Amo/ » 

Here the ratio of the yield‘of the nuclide NV to the yield 
of molybdenum, in proton fission, is the quantity being 
determined on the left. The A’s are the observed 
activities, corrected for chemical recovery. The complex 
parenthesis on the right is a constant for fixed operating 
conditions; it is evaluated by the thermal neutron 
runs referred to. 

With the exception of the 20-Mev data on natural 
uranium, each energy was represented by two to four 
bombardments differing by not more than 0.7 Mev, 
and the chemical determinations for each of these 
were performed in duplicate. Of the 183 individual 
determinations made, the results in 16 instances were 
rejected on the basis of unexplained extreme deviations. 
The remaining values gave at 20.0, 18.2, 15.5, and 
12.0-Mev energies the yield curves shown in Figs. 24, 
in which the ordinate is the molybdenum-based yield 
ratio found for each nuclide, plotted against its mass 
number as abscissa. The average difference of individual 
values from the mean is indicated for each point if it 
exceeds the diameter of the circle used. These mean 
deviations plotted were found to be approximately 0.8 
of the standard deviation, as determined by checks 
made in a number of representative cases. The fit of 


TABLE I. Fission product yields, percent. 


Natural uranium Uranium-235 


Mass Proton energy, Mev Mass Proton energy, Mev 
20 18.2 15.5 12 20 15.5 12 

75;161 0.02 0.02 0.02 0.01 75;159 0.04 0.03 0.03 
77;159 0.09 0.07 0.08 0.05 77;157 0.12 0.09 0.09 
79:157 0.23 0.19 0.16 0.13 79:155 0.23 0.18 0.20 
81;155 0.39 0.39 032 0.28 81;153 042 034 0.37 
83;153 062 0.71 0.59 O51 83;151 0.69 061 0.68 
85;151 0.95 1.11 1.04 1.04 85;149 1.01 0.92 1.16 
87;149 143 1.65 1.70 1.71 87;147 1.52 1.37 1.92 
89;147 194 237 2.39 2.38 89:145 1.90 1.97 2.55 
91;145 2.50 3.02 3.00 3.32 91;143 247 2.51 3.51 
93:143 3.01 3.66 3.70 4.04 93;:141 3.00 3:03 4.09 
95;141 3.52 404 421 4.66 95;139 3.59 3.47 4.35 
97;139 407 436 449 502 97;137 408 3.89 4.39 
99:137 463 464 468 5.18 99:135 448 418 439 
101;135 463 464 468 5.13 101;133 448 418 4.26 
103;133 4.54 450 449 4.77 103;131 448 406 4.00 
105;131 444 432 4.07 4.04 105;129 444 3.72 3.34 
107;129 412 3.90 3.56 3.11 107;127 4.08 3.26 2.77 
109;127 3.66 3.06 3.00 2.23 109;125 3.63 3.20 2.09 
111;125 2.73 181 1.68 1.14 111;123 2.91 2.13 1.25 
113;123 1.13 052 O51 O47 113;121 1.79 068 0.29 
115;121 0.64 O45 O41 0.32 115;119 O51 031 0.23 


117;119 062 042 0.39 0.31 117;117 0.51 031 0.23 
118;118 061 042 0.39 0.31 


1 Reference 14, Appendix B, p. 2003. 
® Reference 14, Part V, 1368 (1951). 
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these points is not always good, as seen, but it is 
considered that the yield distribution picture at these 
energies is fairly represented. 

In completing these curves the assumptions of 
symmetric yield and no fine structure were adhered to. 
Mirror points, though not shown on the completed 
figures, were equally weighted in their construction, 
with the curves reflected on mass 118 for natural 
uranium, and on 117 for U™*. With mirror points 
omitted, partial failure of the above assumptions seems 
suggested; these assumptions have nevertheless been 
retained on the basis of inconclusive evidence to the 
contrary. 

For percentage yields, the yield ratios from each of 
these curves were summed over the complete range from 
mass 75 to the midpoint. A factor was determined for 
bringing this tota] to 100 percent, and each curve was 
converted from yield ratios to percentage yields by 
applying its factor. From the resulting curves (not 
shown), Table I was obtained by reading for the odd 
mass numbers the percentage yields thus averaged. 

A statistical approach to the fission process*.” 
predicts how the relative mass distribution changes 
with nuclear excitation energy. For interpreting along 
these lines the observed trend toward symmetric 
fission at higher energies, the relation plotted in Fig. 5 
was formulated. Here the logarithmic ordinate is the 
minimum-to-maximum yield ratios, as taken from both 
our work and from other nuclear fission reactions as 


» P. Fong, Phys. Rev. 89, 332 (1953). 
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recorded in the literature. In setting up the abscissa, 
the quantity (£,—5) is first evaluated, where E, is 
the sum of the bombarding particle energy plus the 
energy with which it is bound in the compound nucleus, 
The binding energies are calculated from semiempirical 
mass tables.’ The 5 Mev is subtracted as being the 
energy expended in distorting the nucleus to the point 
of fission; this value correlates with the y-ray fission 
threshold of about 5 Mev. The square root of this 
(E,—5) is thus of the nature of nuclear temperature, 
and the abscissa, with its negative exponent, is propor- 
tional to the reciprocal temperature of the distorted 
nucleus. When the proportionality constant is evaluated 
on the basis of energy level densities as estimated by 
Weisskopf,” the straight line as drawn corresponds to 
the relation 


V mote f Y nx _ 2.8 exp. 0g 2.9/T }. 


Since the relative probability of two states differing in 
energy by an amount AE is exp[—AE/T'], it is thus 
suggested that 2.9 Mev is the additional energy 
required to produce symmetrical, in preference to 
asymmetrical fission. 

The authors wish to acknowledge the original 
suggestions and continued interest of J. L. Fowler of 
this Laboratory. Authors W. H. Jones and A. Timnick 
are grateful for the opportunity of participating in this 
cooperative program. 

% N. Metropolis and G. Reitwiesner, U. S. Atomic Energy Com- 


mission Report NP-1980, 1950 (unpublished). 
"V. F. Weisskopf (private communication to J. L. Fowler) 
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Half-Life of Cs'*’+ 


D. M. Wires anv R. H. Tomson 
Department of Chemistry, Hamilton College, McMaster University, Hamilton, Canada 


(Received February 28, 1955) 


The half-life of Cs”? was found to be 26.6+0.4 years by observing the disintegration rate of a known 
number of atoms. The disintegration rate was measured with a 4% proportional counter and the number of 
atoms was determined from isotope dilution data obtained with a mass spectrometer. 


SOLUTION of carrier-free Cs”’ was prepared 

from fission products by ion exchange techniques. 
The disintegration rate per unit volume of this solution 
was determined with a 4” proportional counter and the 
number of atoms of Cs"? by means of isotope dilution 
with a mass spectrometer; a description of the counter 
and the mass spectrometer has been reported pre- 
viously.! The observed counting rate required small 
corrections for background and coincidence loss but 
other standard corrections such as self-absorption and 
absorption in the source mount were found to be negli- 
gible for the conditions of this experiment. A detailed 
discussion of these corrections has been given in an 
earlier paper' on the half-life of Sr®. 

Additional corrections to the measured counting rates 
were necessary in the case of Cs'*’, In its decay scheme 
the gamma radiation from the isomeric state of Ba'’ 
(2.6-min half-life) is not in coincidence with the beta 
emission. Hence the observed counting rates were cor- 
rected for the contribution of conversion electrons and 
for secondary electrons produced by the gamma radi- 
ation. The correction for the conversion electrons was 
made assuming 92 percent decay to metastable Ba'*’* 
and an interna! conversion coefficient of 0.118.* In order 
to correct for secondary electrons the gamma-radiation 
efficiency of the brass proportional counter was esti- 


Taste I. Concentration and counting rate values for 
Cs”? solution. 


Concentration in sg per mi Counts per sec per ml X10~** 

0.0310 1.298 
0.0315 1.305 
0.0320 1.307 
0.0311 1.297 
0.0314 i.303 

av 0.0314+0.0004 1.300 
1.308 

av :.303+0.004 


Corrected for iaternal 

conversion electrons and 

for secondary electrons 1.174+0.004 
Corrected for Cs™ contribution 1.139+0.004 


* Corrected for coincidence loss and background 


+ This research was supported financially by the National 
Research Council of Canada and the Research Council of Ontario. 

1D. M. Wiles and R. H. Tomlinson, Can. J. Phys. 33, 133 
(1985). 

* L. M. Langer and R. J. D. Moffat, Phys. Rev. 82, 635 (1951). 

*M. A. Waggoner, Phys. Rev. 80, 489 (1950). 


mated using aluminum sandwich techniques and found 
to be less than 0.27 percent. This compares reasonably 
well with the 0.15 percent value obtained from the data 
of Bradt et al.* A value of a 0.2 percent has been used 
to correct the observed counting rate and, since the 
correction is itself small, an uncertainty in its value 
has little influence on the probable error of the cal- 
culated half-life. 

A further correction to the counting rate was made to 
allow for the contribution of 2.3-year Cs™ formed in 
fission products by an (n,y) reaction with Cs. Two 
sodium iodide scintillation spectrometers were used in 
coincidence to determine this contamination of the 
sample. With these spectrometers, the coincidence rate 
due to the 0.605- and 0.796-Mev cascade gamma rays 
of Cs was compared under conditions of known geome- 
try with the single-channel counting rate due to the 
0.661-Mev gamma ray of Cs’. The ratio of these rates, 
together with the latest decay schemes,”* gives a cor- 
rection of 3.0+0.5 percent to the observed beta activity. 

From the data in Table I a value of 26.6+0.4 years is 
obtained for the half-life of Cs’, where the limits of 
precision include only the uncertainties in the counting 
rate and concentration determinations. This is con- 
siderably lower than the currently accepted value of 
3342 years® calculated from comparison of the mass 
spectrometric ratios of Cs™/Cs"’ in fission products 
differing up to 5.4 years in age. More recent studies of 
similar ratios have been made in this laboratory with 
fission products up to 8 years old and these results give 
a half-life of 2641 years.’ Any variation in the relative 
yields of the samples compared by this method would 
materially affect the calculated half-life. Both the 26- 
and 33-year values were obtained by comparison of dif- 
ferent fission-product samples and hence depend on the 
assumption that changes in the relative fission yields 
due to different irradiation conditions are small. Never- 
theless it is felt that the 26-year value based on com- 
pletely independent measurements does support the 
26.6-year half-life found in this investigation. 

The authors are grateful to Dr. M. W. Johns and I. 
R. Williams for their co-operation in making the scintil- 
lation spectrometer studies. 


*H. Bradt ef al., Helv. Phys. Acta. 19, 77 (1946). 

* Keister, Lee, and Schmidt, Phys. Rev. 97, 45 (1955). 

* Wiles, Smith, Horsley, and Thode, Can. J. Phys. 31, 419 
(1953). 

7 Melaika, Parker, Petruska, and Tomlinson (unpublished). 
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Theoretical Analysis of the Charge Distribution on the Recoil Cl Ions 
from K Capture in A*’} 


R. A. RuBenstern* anp J. N. SNYDER 
Department of Physics, University of Illinois, Urbana, Illineis 
(Received January 5, 1955) 


An analysis of the charge spectrum of the recoil Cl ions which result from K capture in A®, recently 
measured by Kofoed-Hansen, is made using recently computed Auger transition rates. It is shown that this 
charge spectrum, a previously measured fluorescence yield of 0.1 in Cl, and a previously measured K/L 


capture ratio of 0.92/0.08 in A® are not consistent. 


OFOED-HANSEN has recently investigated! the 

distribution-in-charge of the recoil chlorine ions 
from the nuclear reaction A”+e-—Cl"+yv (K or L 
capture). The refined experimental! techniques used per- 
mitted observation of the relative abundances of the 
variously charged recoil ions (Column A, Table I). 

Recent measurements by Snell and Pleasonton® agree 
with Kofoed-Hansen’s results in that doubly or quad- 
ruply charge ions seem to occur about half as frequently 
as triply charged ions. However, a preliminary estimate 
of the number of single-charged ions occurring appears 
to be less than that found by Kofoed-Hansen. 

According to Kofoed-Hansen, 65-5 percent of the 
captures are accompanied by a K-series Auger electron. 
Since the K-series fluorescence yield of chlorine is about 
0.1,3 initial K vacancies in the recoil atoms are about 90 
percent efficient for the production of such electrons. 
Hence, the above observation implies that a fraction 
px~0.65/0.9~0.75 of the chlorine atoms are formed 
with a vacancy in the K-shell. 

However, Pontecorvo, Kirkwood, and Hanna‘ have 
reported that the reaction in question proceeds by K 
capture with probability ~0.92. If this be so, then a 
fraction 0.17 of the recoil atoms with K-vacancies 


TaBLe I. Distribution-in-charge of the recoil chlorine ions. 


Theoretical relative abundances 
for various distributions of 


initial vacancies in the 
recoil atom* 
1 B ri D 
Charge on Experimental 0.75K 0.75K 0.92K 
final ion relative 0.25L1 0.08L1 0.08L1 
abundance* OAT Li 
1 0.26+-0.03 0.10 0.27 0.11 
2 0.13+0.04 0.31 0.13 0.16 
3 0.38+0.04 0.39 0.39 0.49 
4 0.18+0.02 0.15 0.15 0.18 
5 0.044.0.01 0.04 0.04 0.05 
6 0.01.+0.01 0.00 0.00 0.00 
Average 2.64+0.08 2.69 2.50 2.87 
charge 


* See reference 9 
» See reference 1 


t Assisted in part by the Office of Naval Research. 

* Now at Shell Development Company, Houston, Texas. 

'O. Kofoed-Hansen, Phys. Rev. 96, 1045 (1954). 

? A. H. Snell and F. Pleasonton, Phys. Rev. 97, 246 (1955). 

? Broyles, Thomas, and Haynes, Phys. Rev. 89, 715 (1953). 

* Pontecorvo, Kirkwood, and Hanna, Phys. Rev. 75, 982 (1949). 


(0,92—0.75~0.17) are unaccounted for in the Kofoed- 
Hansen experiment. 

A possible process that might account for the missing 
K-vacancies by transferring them into L-vacancies is 
“shake-up”. If the K capture occurs in a time short 
compared to atomic periods, the electronic wave func- 
tion (which was an eigenfunction appropriate to the 
original nuclear charge) cannot change appreciably and 
will have the same shape after the capture. However, it 
will not be an eigenfunction appropriate to the new 
nuclear charge but will be instead some linear com- 
bination of such eigenfunctions. One of these eigenfunc- 
tions represents the residual atom with an L-vacancy 
rather than a K-vacancy. Order of magnitude estimates 
of the probability of this effect render it highly suspect 
as an explanation of the missing A-vacancies. In the 
first place, present theoretical estimates of such a 
process®:* are too small to account for such a large frac- 
tion of the events. In the second place, even if such 
shake-up did occur, the electron captures in question 
would have been indistinguishable from ZL captures in 
the Pontecorvo, Kirkwood, and Hanna (PKH) experi- 
ment, and would have been reported as such, since the 
energy given up by the atom during shake-up is carried 
off by the neutrino and the recoil ion which thus have 
energies appropriate to L rather than K capture. 

The above discrepancy between the PKH measure- 
ments and the Kofoed-Hansen experiment further mani- 
fests itself in the latter’s distribution-in-charge. The 
appearance of multiply charged chlorine ions in that 
experiment is due to the reorganization of the atom with 
an original K- or L-vacancy formed in the nuclear re- 
action by subsequent Auger effects,’* each Auger 
process contributing one unit of positive charge to the 
final ion. 

A new theoretical treatment of the Auger effect using 
the techniques available with modern high-speed digital 
computers has been carried out for argon (Z=18), 
krypton (Z=36), and silver (Z=47). A Hartree self- 
consistent field method was used to obtain better ap- 
proximations to the electronic wave functions in atoms 


5 J. S. Levinger, Phys. Rev. 90, 11 (1953). 

* A. Migdal, J. Phys. (U.S.S.R.) 4, 423 (1914). 

™M. L. Perlman and J. A. Miskel, Phys. Rev. 91, 899 (1953). 
* E. P. Cooper, Phys, Rev. 61, 1 (1942). 

*R. A. Rubenstein and J. N. Snyder (to be published). 


189 








190 R. A. RUBENSTEIN 


Taste II. Transition probabilities in argon 
calculated from theory.* 








P AKL, m1) =0.122 
P(K-L?)=0.061 


PAK~M)=0.009 

P(K-L,, M)=0.032 

PUK +L Ly, 1) = 0.199 P(K—Ln, mM) =0.082 

P(K-1y, 11) = 0.498 PUL, ~ Ly mM) =1.00 
P(L, 1M") = 1.00 


Probabilities marked with the subscript r represent radiative 
transitions. All others are Auger processes. K stands for a vacancy 
in the K shell, Ly for a vacancy in the Ly shell, Lr, 111 for a vacancy 
in either the | or Ly shell, and M for a vacancy in any M shell 


* See reference 9. 








with vacancies. With these wave functions the matrix 
elements for Auger transitions and radiative transitions 
were computed. 

The results of these computations have been ex- 
pressed in Table II as a list of probabilities for the 
several transitions. Each entry is the ratio of the tran- 
sition rate for the given process to the total rate for all 
processes originating in the same level. Only the im- 
portant transitions are shown in Table II. 

The resulting set of Auger and radiative transition 
probabilities makes it possible to compute the rela- 
tive probability of occurrence of the different charged 
ions that can arise as a result of Auger cascades 
starting from either an initial K-vacancy or an initial 
L-vacancy. Column D of Table I gives the charge dis- 
tribution to be expected if the initial vacancy distribu- 
tion is 0.92K, 0.081; as measured by PKH. This 
is inconsistent with Kofoed-Hansen’s observed charge 
distribution. 

However, it can be argued from the Kofoed-Hansen 
data and from reasonable assumptions about the atomic 
reorganization process, that the above discrepancy can- 
not be explained simply by a reassignment of the L/K 
ratio such as to yield K capture with 75 percent proba- 
bility, L capture with 25 percent probability, i.e., that 
the unexplained 17 percent of the recoil ions could not 
have been formed in a state with an L;-vacancy as 
would necessarily have been the case were they products 
of L-capture reactions (the subscript indicates in which 
subshell of the Z shell the vacancy occurs). The recent 
theoretical investigation’ of the Auger effect shows that 
it is reasonable to assume: 


(1) Almost every L;-vacancy is filled by a Coster- 
Kronig transition” of the type Ly—Z11, 11M, in which 


"WE, H S. Burhop, The Auger Effect (Cambridge University 
Press, Cambridge, England, 1952). 
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an [y-vacancy is destroyed while an M-vacancy and 
either an Ly;- or an Ly11-vacancy is created with the 
ejection of an Auger electron. The matrix element for 
this transition is anomalously large compared with 
ordinary Auger transitions because of considerable over- 
lap between the 2s and 29 electronic functions.’-” 
This transition is energetically allowed in chlorine,® and 
the assumption that it occurs with unit probability is 
borne out by the excellent agreement of the theoretical 
with the experimental abundance for triply and quad- 
ruply charged ions (Table I, columns A, B, and C). If 
this assumption were incorrect, the theory would lead to 
underestimate of these abundances. 

(2) Every Li1,11-vacancy is filled by an Auger 
process, since radiation rates are much smaller than 
Auger transition rates in the L shell. 

(3) No mechanism exists whereby an M-vacancy 
may be filled by an Auger process." 


The above arguments are relatively insensitive to the 
numerical values of the theoretically computed Auger 
transition rates; if they be granted, then a chlorine 
atom which is formed with an L;- or Liz, 111-vacancy 
will always lead to a doubly- (or singly-) charged final 
ion. 

Thus, if the K and Z captures occur with relative 
probability 0.75 and 0.25, respectively, then one would 
expect to observe doubly-charged ions with at least 0.25 
probability since Z capture involves only the L; elec- 
tron. (The theoretica] distribution based on an L/K 
ratio of 0.25/0.75 is shown in Table I, column B.) 
Kofoed-Hansen observes doubly-charged ions only 13 
percent of the time. 

The Kofoed-Hansen experiment agrees well with the 
theory if one assumes that all of the extra 17 percent of 
the recoil atoms lead to singly-charged final ions (e.g., 
if they are formed with an 111, 111-vacancy). This case 
is shown in Table I, column C. 

It can therefore be concluded that the Kofoed-Hansen 
experiment seems to contradict the earlier PKH meas- 
urement of the L/K ratio; on the other hand, a 
simple revision of this ratio is not in itself sufficient 
to explain the observed distribution-in-charge of the 
final ions. 


“ The possibility that surface effects in Kofoed-Hansen’s ap- 
yaratus may have degraded some of the higher charged ions into 
- er charged ones has been neglected. 
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Manganese Thermal Neutron Activation Cross Section 


J. DeJuren anv J. Carn 
National Bureau of Standards, Washington, D. C. 
(Received March 17, 1955) 


The thermal activation cross section of manganese has been remeasured and found to be ogee 13.19+0.3 
barns (standard error). This value, combined with previous values, yields a “best average value” of 


13.2;+0.2 barns. 





ECAUSE of its characteristic response to neutrons, 
manganese is often used for the calibration of 
thermal neutron densities. The precision of absolute 
calibrations is limited by the experimental error (2.2 
percent) in the value of the thermal neutron activation 
cross section of manganese. The following measurement 
was carried out in order to reduce the error in the cross 
section value to less than 2.0 percent. 

The thermal neutron activation cross section of 
manganese has been determined by measuring the 
absolute activity of a sample of manganese sulfate 
solution irradiated in a known thermal neutron flux. 
A small cell, containing about 3.5 ml of manganese 
sulfate solution and a 2.03.4 cm? manganese foil, was 
placed in a graphite column three or four centimeters 
from a ten-curie Po-Be neutron source (Fig. 1). At this 
distance from the source the thermal neutron density 
is of sufficient magnitude and uniformity to provide 
enough activity for 4% counting of an aliquot of the 
activated manganese sulfate solution. The diagonal 
positioning of the foil used to calibrate the neutron 
density insures that the foil and solution sample the 
same average neutron density, regardless of the attenu- 
ation throughout the cell. 

After irradiation for several hours the cell was re- 
moved and 0.200 ml of the solution was pipetted onto 
a quarter-mil mylar film and the absolute activity was 
determined with a 4 proportional flow counter (only 
the manganese activity is present). Then the foil was 
2x counted in the same counter. After correction for 
decay, the ratio of the manganese sulfate activity, C4, 
to the foil activity, A., for the unknown flux is obtained. 
Next the cadmium difference activity for the foil was 
measured in the NBS standard thermal neutron density! 
(originally calibrated with boron). This measurement 
calibrates the manganese foil activity, A,, in terms of 
the known thermal] neutron density, m. 


ij. DeJuren and H. Rosenwasser, J. Research Natl. Bur. 
Standards 52, 93 (1954). 


The manganese thermal neutron activation cross 
section is then determined from the equation 


CueXA,/A_-=nioN, 


where N is the number of manganese nuclei in the 
0.200 ml manganese sulfate aliquot, and @ is the 
manganese activation cross section at #=2.2105 
cmi/ sec. 

Two sets of measurements were taken for each of the 
activities, and the result obtained is 


Coct = 13.194+0.39 barns (standard error). 


Most of the error stems from the uncertainty in 

n(+2 percent). The 4% data, including absorption 

correction, should be accurate to +0.7 percent. 
MANGANESE 


SULFATE 
SOLUTION > 








MANGANESE 
FOU. 





NEUTRON FLUX 


Fic. 1. Cell geometry during irradiation. 


This result agrees well with the “best average value” 
of 13.4+0.3 barns for the activation cross section and 
13.2+0.4 barns for the absorption cross section listed 
in Supplement 2 of the Neutron Cross Section Compila- 
tion.” When all three are combined, the error is reduced 
to 0.2 barn (1.5 percent). 

A more detailed description of the preparation and 
use of thin manganese sulfate sources will appear in a 
later paper describing the absolute calibration of a 
neutron source. 


2 Neutron Cross Sections, Atomic Energy Commission Report 
AECU-2040 (Technical Information Division, Department of 
Commerce, Washington, D. C., 1952). 
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Nuclear Spin and Magnetic Moment of 3.1-hr Cs’**"} 


L. S. Goopman anv S. WEXLER 
Argonne National Laboratory, Lemont, Illinois 
(Received March 16, 1955) 


The nuclear spin, hyperfine structure constant and magnetic moment of the excited isomer 3.1-hr Cs" 
were determined by means of the atomic beam magnetic resonance method. The intensity of the active 
species was measured by deposition of the beam on a cold surface ani subsequent counting. A spin of 8(h), 
a hfs Avy = 3684.34-0.5 Mc/sec, and a nuclear moment of 1.10+-0.01 nm were found. The nuclear magnetic 


moment proved to be positive in sign. 


I. INTRODUCTION 


N recent years there has been a rising interest in 

the direct determination of nuclear spins and 
moments of radioactive isotopes. This interest has 
stemmed from advances in the understanding of nuclear 
structure as evidenced in such contributions as the 
shell model, beta-ray theory, and isomeric decay 
systematics. 

One of the most fruitful methods of performing these 
measurements has been the atomic beam magnetic 
resonance method, developed for stable nuclides by 
Rabi and his co-workers.' A variation of the technique, 
introduced by Zacharias,’ greatly increased the sensi- 
tivity of the method and led to the first atomic beam 
measurements on artificially produced active species.’ 
The isotopic enrichment of the active nuclides was 
sufficiently high in these experiments that a conven- 
tional mass spectrometer could differentiate signals from 
adjacent masses despite the large amount of inactive 
material present. However, the enrichment of radio- 
active isotopes by neutron capture in chain reacting 
piles generally is not great enough to permit use of a 
mass spectrometer. In these cases measurement of the 
activity in the deposited beam may be resorted to, as 
was first demonstrated in the determination of the 
nuclear constants of Na™ and K*.‘ All told, the nuclear 
properties of approximately twelve radioactive nuclides 
have been determined by atomic beam methods.*~* 
The active species selected for study have, up till now, 
been exclusively beta emitters, and the results obtained 
have accordingly served as tests of the predictions of 
the shell-model and beta-ray theories. 

It was therefore desirable to measure the nuclear spin 
and magnetic moment of an excited isomer, since the 
results would be of interest with regard to the formu- 
lation of decay schemes based on semiempirical’ and 


+t Work performed under the auspices of the U. S. Atomic 
Energy Commission. 

‘Rabi, Zacharias,“/Millman, and Kusch, Phys. Rev. 53, 318 
(1938); see also Kusch, Millman, and Rabi, Phys. Rev. 57, 765 
(1940), and later papers. 

* J. R. Zacharias, Phys. Rev. 61, 270 (1942). 

? Davis, Nagle, and Zacharias, Phys. Rev. 76, 1008 (1949) 

‘E. H. Bellamy and K. F. Smith, Phil. Mag. 44, 33 (1953). 

* Jaccarino, Bederson, and Stroke, Phys. Rev. 87, 676 (1952). 

* A. Lemonick and F. M. Pipkin, Phys. Rev. 95, 1356 (1954). 

7M. Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951). 


theoretical* properties of gamma emission. The 3.1-hr 
nuclide Cs" was chosen because (a) it could be 
prepared in sufficiently high specific activity by neutron 
capture that its beam intensity may be measured by 
condensation and subsequent counting, and (b) the 
excellent detector available for the inactive Cs atoms 
in the beam made easy the calibration of the magnetic 
field. The well-known “flop-in” nuclear resonance 
experiment of Zacharias* was followed with an appa- 
ratus, which though similar in magnet geometry to an 
M.LT. machine,’ contained several modifications neces- 
sary for working with relatively short-lived activities. 


Il. THEORY OF THE METHOD 


Although the principles of the method have been 
described in detail elsewhere,'~** for the sake of clarity 
we will review its salient features. The experiment is 
based on the observation of transitions between mag- 
netic substates in the Zeeman structure of the hyperfine 
levels of an atom in an external magnetic field. In the 
absence of an external field the angular momentum of 
the nucleus, J (in units of #), is coupled to that of the 
surrounding electrons, so that for an atom of electronic 
state J=} the total angular momentum of the atom, 
F, is either J+4 or J—4. Since the electronic and 
nuclear spins may be coupled in two different ways, 
the magnetic moments associated with them will 
interact so that the energy of the atom will have either 
of two values, the difference between the states being 
the hyperfine structure separation AW = hAv. Splitting 
of each of the hyperfine levels occurs when the atom is 
in an external magnetic field, as shown in Fig. 1, which 
describes some of the energy states of an atom with 
arbitrary nuclear spin J and J=}. Coupling of the 
nuclear and electronic spins is preserved in fields of 
low strengths, and the splitting is linear with field and 
equal between adjacent my sublevels. The difference in 
energy between the substates farthest apart in the 
F=I+4 hyperfine level (mp=F and mp=—F) is, 
neglecting the nuclear moment, just that due to the 
orientation of the electronic magnetic moment parallel 
and antiparallel to the external field, i.e., 2gsJuoH 


* Rose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 83, 
79 (1951) 

* J. B. M. Kellogg and S. Millman, Revs. Modern Phys. 18, 
323 (1946). 
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MAGNETIC MOMENT 


(where g, is the Landé g-factor, J the electronic angular 
momentum, so the Bohr magneton, and H the magnetic 
field). Since this energy is divided by 2F+1 equally 
separated levels into 2F intervals, the Zeeman splitting 
of adjacent substates is gy/uoll/F. For an S, electronic 
state the frequency representing this energy difference 


1s: 

woH 1.400H : 
cities cai CEES (1) 
hF I+} 


vo= 


However, owing to the use of the Zacharias conditions* 
for refocusing the beam, only those transitions between 
substates are observed in which there is a reversal in 
sign of the effective electronic magnetic moment. 
Referring again to Fig. 1, we see that we are limited 
to the F=/+4; mp= —Feomp=—(F—1) transition 
at low external fields and low frequencies. The assign- 
ment of the nuclear spin is a straightforward procedure, 
for it is only necessary to search for a single resonance 
corresponding to one of the various possible values of 
F=1++4 in a known external magnetic field. 

If, however, the nuclear spin of the isotope under 
study is large and/or the hfs rather small, the finite 
width of the radiofrequency resonance in this experi- 
ment may not permit resolution of the vo’s for adjacent 
possible values of / at fields where the splitting is still 
linear. In this case the observation of a single resonance 
does not allow an unambiguous spin assignment. It is 
necessary to observe transitions in higher fields where 
the low frequency resonance deviates from Eq. (1). 
Under these conditions a better approximation for the 
F=]+4; —Fe+—(F—1) transition is* 


H Hy? 21 
r=1.400—+ (1.400 ) ". (2) 
F F/ Ap 


Measurement of the resonance frequencies at two 
settings of the external field will then permit calculation 
of the magnitude of the nuclear spin and an approxi- 
mate value of the hfs. The external magnetic field is 
determined by observing the same transition in an 
atom of known nuclear constants, in our case, the 
inactive isotope Cs'™ present in the beam. 

In increasingly higher external fields the decoupling 
of the nuclear and electronic spins becomes greater and 
the splitting of the sublevels departs from the descrip- 
tion of Eq. (2). The behavior of the hyperfine structure 
in an external magnetic field is completely described 
for J=}4 by the Breit-Rabi equation,” which inciden- 
tally is the basis for the plot in Fig. 1 for arbitrary / 
and positive nuclear moment. After the nuclear spin 
has been assigned by the procedure indicated above, 
an accurate determination of hyperfine structure sepa- 
ration is carried out by observing the F=/+ 4; mp 
= — Ft+mp= —(F—1) transition in successively larger 
fields until the Paschen-Back effect is strong. The hfs 


” G. Breit and I. I. Rabi, Phys. Rev. 38, 2082 (1931). 
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hyperfine substates of an atom with electronic angular momentum 
J = 4 and nuclear spin /. The nuclear moment is assumed positive. 
There are 2(/+4)+1 substates in the F=/-+-§ hyperfine level, 
of which five are shown, and 2(/ —4)+-1 substates in the F = ]—}, 
of which only three are drawn. The separation of adjacent sub 
levels has not been drawn to scale. 


is then calculated for each of the frequencies » found 
by the use of the Breit-Rabi equation, which, for the 
low-frequency transition observed, may be put in the 
form" 
(v—grk)(gsk—v) 
Av(Mc/sec) = —— -—— , 
v— grk— (gs—gr)k/ (21 +1) 


where k=olf/h, a constant of the external field, and 
gr is the nuclear g-factor (= —y;/J). A value for g;, of 
Cs'™™, sufficiently accurate for inclusion in Eq. (3), is 
obtainable from the Fermi-Segré relation," 


(21 ia4m+ 1) g7°™ 
Avisem/A¥i33= — ’ (4) 
‘ (20 a+ 1)g;" 


where one takes the approximate Avj34m derived in Eq. 
(2). Use is made of the known nuclear constants of the 
stable isotope Cs'*:'* Ay=9192.76 Mc/sec, J=7/2(h), 
r= 2.575 nm. The more precise Avjs4,’s thus calculated 
yield better values of g;'*™ by introducing the former 
back into Eq. (4). From the improved g-factors the 
magnetic moment of Cs!" (y;'*™) is readily calculated 
in nuclear magnetons from yy = —g7/. 

The sign of the nuclear moment may be decided upon 
from the calculation of the magnitude of the hfs. Taking 
g:'*™ first positive and then negative, we may compute 
from Eq. (3) two different values of Av for each of the 

4S. Millman and P. Kusch, Phys. Rev. 58, 438 (1940). 

2 E. Fermi and E. Segré, Z. Physik 82, 729 (1933). 

4H. Taub and P. Kusch, Phys. Rev. 75, 1481 (1949); V. W. 


Cohen, Phys. Rev. 46, 713 (1934); Kusch, Millman, and Rabi, 
Phys. Rev. 55, 1176 (1939) 
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AF =0 frequencies measured. One or the other set of 
such calculated hyperfine separations will be in agree- 
ment with the magnitude of Av determined directly by 
observation of AF =1 transitions. Thus, comparison of 
the result from a high-frequency measurement with 
those calculated from low frequency AF=0 data 
resolves unambiguously the sign of g;'*", and therefore 
of w;'™*. 

When the two calculated sets of his differ by several 
Mc/sec, great precision in the direct transition measure- 
ment is unnecessary. The spectrum of AF = 1 lines need 
only be observed in an external field sufficiently low 
that the Zeeman splitting is linear and the individual 
Amy=+1 transitions are unresolved. Under these 
conditions the frequency of a given AF = 1 line in Cs'*™ 
will be (see Rabi et al.') 

1.400H 
v= ASv+ (2mp'+1) ; (5) 
I+} 
where my’ can have any half-integral value between 
(J—4) and —(/—}4). Since my’ varies only in jumps 
of one, the spacing between adjacent lines in the 
unresolved pattern is constant. With the exception of 
the F=/+4, mp=— (1+4)¢F =1—}, mp=—(I—}) 
transition, which is not observed in this experiment, 
and the F=/+-4, mp= (1+4)+F=I1—}4, mp=(I—}), 
each line is the superposition of two transitions. Thus 
if the number of possible AF=1 transitions is large, 
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Fic. 2. Artist’s sketch of atomic beam apparatus. Only the 
important components are shown. Many of the details, such as 
the pumping systems, inside section walls and hydraulic lifts have 
been left out to avoid confusion 
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ie. J is high, the unresolved pattern should be sym- 
metrical in shape, the center being very close to the 
frequency of the hyperfine structure constant. 

An estimate may be made of the width of the unre- 
solved pattern. From Eq. (5) neglecting the finite 
resolution of the apparatus, we find the frequency 
difference between extreme lines is 4/(1.400H)/(J+4) 
or 47 vo. If the external magnetic field is such that the 
Zeeman splitting is 50 kc/sec, the width will be approxi- 
mately 1.6 Mc/sec when J is taken as 8(%). The actual 
width, however, would be somewhat greater because of 
the short time of the atom in the rf field and because 
of the adding up of tails from adjacent resonances. 


Ill. APPARATUS 
A. General Plan of Apparatus 


The atomic beam magnetic resonance apparatus 
constructed for this experiment was patterned after 
the M.IL.T. machine described by Davis, Nagle, and 
Zacharias.’ A cut-away artist’s sketch appears in Fig. 2. 
The usual inhomogeneous deflecting and refocusing 
fields, with gradients parallel and in the same direction, 
are on either side of the homogeneous field in which 
transitions between the magnetic sublevels take place. 
Atoms emerging from the oven pass from the oven 
compartment through an isolation chamber into the 
main section housing the magnets and detectors. 
Depending on the velocities of the atoms, the angles 
from the normal at which they leave the oven, and the 
gradient of the deflecting field, certain ones will be 
focused on the collimating slit and pass into the gap 
containing the homogeneous and oscillating radio- 
frequency fields. Only those atoms which in the over- 
lapping fields undergo transitions involving a change 
in sign of their effective magnetic moments at high 
field are refocused onto the detector slit, lying, like the 
oven and collimating slits, on the neutral axis of the 
beam. Atoms not suffering such transitions are deflected 
away from the detector by the two inhomogeneous 
magnets. 

Radiofrequency power to effect the transitions was 
introduced through a vertical copper “hairpin,” two 
cm along the beam, situated between the poles of the 
uniform field magnet. The oscillating field produced 
was mainly parallel to the beam and at right angles to 
the static field. A “‘pickup” coil mounted in the vicinity 
of the hairpin served to give a measure of the power of 
the oscillating field. The rf signal picked up by the coil 
was rectified by a crystal, and the resultant current 
measured with a microammeter. For the low-frequency 
studies a Kovar seal made a satisfactory vacuum lead 
through for the rf. In the measurements of the AF=1 
transitions, which occurred at relatively high fre- 
quencies, an Andrews Corporation gas barrier seal, 
matched to j-inch air dielectric coaxial line, was used, 
and was found to be negligibly lossy while being quite 
satisfactory vacuum-wise. 
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The widths of all the slits defining the beam—oven, 
collimating and detector—were each 0.010 inch. The 
obstacle wire measured 0.015 inch. 

A conventional type of surface ionization detector, 
mounted through a flange in the side of the apparatus 
and situated directly behind the detector slit, served to 
measure the Cs'* intensity in the beam. The detector 
rode on a carriage which could be moved out of the 
path of the beam without disturbing the vacuum. 
Positive ion currents to the cylindrical collector plate 
were amplified by a vibrating reed electrometer. 

The active Cs'*" component was measured by con- 
densing the beam on one-inch diameter copper disks 
(g-inch thick), which were held by spring clamps on 
the faces of a brass octagon attached to the bottom of 
a liquid nitrogen trap. These disks were washed with 
water, alcohol, and ether before being used. If a disk 
showed radioactive contamination it was first etched 
in dilute HCl. No other surface treatment was neces- 
sary. The long tube containing the collector was rotated 
in o-ring gaskets so as to position each of eight disks in 
turn behind the collector slit. Vertical movement of 
the tube was effected by hydraulic lifts. A drybox 
attached around the tube above the apparatus made 
it possible to bring the cold octagon and trap through 
vacuum locks into a dry helium atmosphere for the 
changing of disks. Measurement of the activity was 
made by placing each disk in a windowless G-M flow 
counter containing a 98 percent He-2 percent Iso- 
butane gas mixture. 


B. Vacuum System 


The vacuum housing consisted of a brass box 12 in. 
wide, 132 in. high, and 55 in. long, supported by an 
aluminum Unistrut frame. Walls of the box, ? in. 
thick on sides and top and 1 in. on bottom, were either 
welded together and then tinned on the inside or 
screwed together and silver soldered. Components 
inside the housing were introduced through appropri- 
ately cut holes in the four sides and held on by flanges 
bolted to the apparatus. o-ring gaskets, greased with 
Apiezon T, formed the vacuum seals. 

Evacuation of the apparatus was performed by two 
6-in. oil diffusion pumps attached to the main chamber, 
and one 4-in. pump each on the isolation and oven 
compartments. The four pumps were backed by a 4-in. 
booster pump which evacuated into a mechanical 
pump. Each of the four primary pumps was attached 
to the side of the vacuum housing through a water- 
cooled 4-in. baffle valve and a large, cylindrical liquid 
nitrogen trap. An auxiliary system consisting of 2-in. 
tubing and valves evacuated by a large mechanical 
pump served the dual purposes of roughing down the 
chambers and tubes and of maintaining a vacuum 
between o-ring pairs in which shafts leading into the 
apparatus were rotated. A vacuum of less than 10-* mm 
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pressure was readily attained in the main and isolation 
chambers, while the pressure in the oven section was 
usually between 10~* and 10-° mm. 


C. Magnets 


Dimensions of the pole pieces of the two deflecting 
magnets were identical with those designed by Nagle"; 
however, the gap of the homogeneous field was increased 
to 4 in. in our apparatus. The pole pieces of all three 
magnets were bolted onto a brass bar, which served to 
maintain alignment. The magnetic circuits were brought 
out through the vacuum wall via flanged o-ring seals 
and were energized by high-resistance coils outside the 
housing. This scheme allowed the use of electronically 
regulated current supplies and obviated the need for 
large storage batteries and charging equipment. 


D. Oven 


A cold-rolled steel oven of simple design (Fig. 3) sat 
on a tripod in the oven tube (Fig. 2), two of whose legs 
constituted a tantalum-tungsten thermocouple, with 
the oven forming the junction. This scheme allows 
monitoring of oven temperatures from 100 to over 
1500°C. The tripod was mounted on a carriage installed 
on a base in the long oven tube. Controls for fine 
adjustment (such as direction, tilt and traverse position 
of the oven slit) entered through the top flange of the 
tube and were connected to the carriage by means of 
flexible rods. 

The heating system was designed to be relatively 
universal; electron bombardment from thoriated tung- 
sten filaments was decided upon. For Cs metal, of 
course, just the radiation from the filaments give 
adequate heating. The heating and temperature moni- 
toring designs had the ;idded advantage of not requiring 
connections to the oven block itself, which contained a 
radioactive source. Introducing the active Cs metal 
into the oven was done in a He-filled drybox attached 
to the oven tube above the apparatus. Like the collector, 
this tube was moved vertically through vacuum locks 
by hydraulic lifts. 


eur HEIGHT 
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Fic. 3. Cold-rolled steel oven for Cs metal. Two quartz capsules 
are placed in the cavity and then partially crushed. The lapped 
door and slit jaws are held onto the block by screws not indicated 
in the drawing. 

“D. E. Nagle, thesis, Massachusetts Institute of Technology, 
1948 (unpublished). 
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E. Radio-Frequency Equipment 


For study of the low-frequency AF=O transitions, 
the General Radio Type 805-C signal generator (50 
kc/sec to 50 Mc/sec) was used. A conventional, one 
stage, tuned power amplifier, with a 2E26 tube, was 
used to enhance the transition probability in this 
frequency region. In the region extending up to 300 
Mc/sec a Hewlett-Packard Model 608 A was employed ; 
a Spencer-Kennedy Model 202 wide band amplifier 
used with this oscillator gave some improvement in the 
refocused beam intensity. AF=1 transitions were 
excited by a Sperry reflex klystron, Model 2K-42, 
powered by a Polytechnic Research and Development 
Company Type 801 A supply. 

Frequencies less than 150 Mc/sec were measured by 
a Berkeley Frequency Meter, Model 5570, with a range 
extender, Model 5575. The instrument is capable of 
accuracies of one part in 10’, In the present work, 
however, no effort was made to measure frequencies to 
better than 1 kc/sec. For measurement of frequencies 
higher than 150 Mc/sec, the signa! from the H-P 608 A 
was crystal mixed with that from the G-R 805 C, the 
output frequency of which was determined by the 
Berkeley meter. The 600-kc/sec beat was detected with 
a NC-125 receiver, which was calibrated at that point. 
The same technique worked well in the measurement 
of the klystron frequency, in which case the Hewlett- 
Packard 608 A served as the local oscillator and a 
Hallicrafters Model S-36 A as receiver for the 33-Mc/sec 
beat between the 25th harmonic of the H—P and the 
signal from the klystron. To decide whether the klystron 
frequency was higher or lower than that of the local 
oscillator harmonic, the signal from the pickup loop 
was measured to within 15 Mc/sec by means of a 
crystal rectifier and variable tuning stub arrangement. 
Drift of the H~P 608 A (about 1 kc/sec) and fluctuation 
of the power level of the klystron allowed about 40 
ke/sec uncertainty in the klystron frequency. 


IV. PRELIMINARY ALIGNMENT AND PROCEDURE 


After optical alignment of the slits with a telescope, 
a sodium beam was brought up, deflected with the 
inhomogeneous magnets, and refocused by applying a 
resonant combination of uniform field and rf frequency 
Strong stray fields from the inhomogeneous magnets 
induced a field of about 100 gauss in the gap of the 


uniform field magnet. This field was ‘‘bucked out” 


retoutwcr (™%,, 


Fic. 4. Typical resonance curve observed for F = 7+ 4; 
mpo — Feomyp = — (FP —1) transitions 
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when necessary by reversing the current in the magnet 
winding of the homogeneous field. The magnitudes of 
the two deflecting fields and the positions of the 
collector and oven slits were varied over wide ranges so 
as to obtain the maximum signal to background ratio. 
This ratio was thereby improved by a factor of two to 
three over that found with the arrangement suggested 
by optical alignment alone. 

Cesium metal, distilled from a mixture of Ca chips 
and CsCl, was sealed under vacuum in small quartz 
vials; each capsule contained about 350 mg of material. 
The 3.1-hr Cs'*™ isomer was produced by irradiation 
for several hours in a thermal neutron flux of about 
1.5 10"/sec/cm? available in the heavy water reactor 
at this laboratory. In a given run two such irradiated 
vials were partially crushed in the oven, situated in 
the helium atmosphere of the drybox, and the closed 
oven was placed on the tripod in the raised oven tube. 
This loading usually lasted over seven hours. The tube 
was then lowered through vacuum locks so as to bring 
the oven into position. After the cesium beam was 
stabilized by adjusting the oven temperature, the 
obstacle wire was moved into position and the deflecting 


Observed transition frequencies for Cs“™™ and Cs'® 
and calculated hfs Avisim (Mc/sec). 


Tasie I. 


vies Vi dim 


9.365+0.010 4.480+0.015 
17.220+0.010 8.295+0.020 
43.940+0.010 21.934+0.020 
90.937 +0.010 48.403+0.010 
164.105+0.030 97.140+0.025 
282.8452-0.020 201.6663-0.020 


369845 
3689+ 1 
3695.0+0.5 


368145 
3682+ 1 
3684.3+0.5 


magnets were energized. The homogeneous field was 
set by observing the low-frequency AF =0 line in Cs, 
using the hot-wire detector. The collecting disks were 
lowered through vacuum locks, cooled to liquid nitrogen 
temperature, and brought into position. 

Search for the AF=6 transition in active Cs'*" was 
then made by varying the rf, usually in 50-100 kc/sec 
steps, and exposing one of the disks to the beam for a 
definite time (usually five minutes) with each fre- 
quency setting. Recalibration of the homogeneous field 
was conducted between deposition periods. After col- 
lection of the beam on all eight disks, the collector tube 
was raised into the drybox and the disks were removed 
for counting. the 100-kev conversion electron activity 
on each was measured in a windowless flow type G-M 
counter. The disks were each counted at least twice 
and the decay rates at a common time determined for 
plotting of a resonance curve. On the following day 
each disk was again counted to be sure of the absence 
of possible 2-yr Cs" contamination from handling the 
collectors. When a resonance was found, the search of 
the frequency region was repeated. The observation of 
a given AF=0 transition in Cs" provided values of 





MAGNETIC MOMENT 


Avis4m and g;"*™ from which the frequency region to be 
searched at higher external field could be calculated. 

In the direct determination of the hyperfine structure 
constant the homogeneous magnetic field was set to 
produce a Zeeman splitting in Cs!" of approximately 
50 kc/sec. A search was then conducted for a broad 
refocused intensity in the frequency regions suggested 
by the two Av’s calculated from the low-frequency data. 
The reflex klystrom was varied in 500-kc/sec steps, 
and its output kept constant to within 40 kc/sec for 
the duration of each beam collection period. 


V. CALCULATIONS AND RESULTS 


The measured frequencies of the F=/+}; mp 
= — Ft+mp= — (F—1) transitions in the Cs™™ isomer 
are listed in Table I with the corresponding lines of 
Cs™ used to measure the magnitude of the external 
field. Observations were first made in sufficiently low 
magnetic field to preserve largely the coupling of the 
electronic and nuclear spins, and then extended gradu- 
ally to higher fields in which the decoupling of the 
angular momenta and the very small direct interaction 
of the nuclear magnetic moment with the applied field 
measurably affect the magnitude of the Zeeman split- 
ting. From the theoretical discussion it is clear that we 
are interested in extracting the following information 
about 3.1-hr Cs'*™ from the data: the nuclear spin J 
(in units of #), the hyperfine structure separation (in 
Mc/sec), the nuclear magnetic moment (in nuclear 
magnetons), and the sign of the moment. 

The two lowest frequency resonances (a typical 
curve appears in Fig. 4) observed in Cs, 4.480 and 
8.295 Mc/sec (Table I), were introduced in Eq. (2) to 
evaluate the nuclear spin and to give an approximate 
value for the hyperfine structure constant. A nuclear 
angular momentum of &8(#) and a Avs=3600 Mc/sec 
come out of the calculation. These values were con- 
firmed by the measurements at higher frequencies. 
From the approximate Av so found and the Fermi- 
Segre relation [Eq. (4)], a sufficiently accurate g, 
was evaluated for use in the Breit-Rabi equation 
(Eq. (3) ]. More accurate hyperfine structure constants 
were then calculated for each of the resonances found 
at progressively higher rf signals. The frequencies of 
the observed transitions are assembled in Columns 1 
and 2 of Table I along with their estimated errors, 
these assumed to be due only to the uncertainty in 
estimating the exact position of the resonance. As 
pointed out under Theory of Method, either of two 
values for Ay is the correct one depending on whether 
the nuclear magnetic moment is parallel or antiparallel 
to the spin. Thus the correct hfs is most nearly 3684.3 
+0.5 Mc/sec (Column 3, Table I) if the moment is 
positive and 3695.0+0.5 Mc/sec (Column 4) if negative. 
Although the consistency of the Av values so calculated 
can sometimes’ indicate which of the two signs is to 
be taken, this was not the case here, and only the 
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Fic. 5. Decay systematics of Cs" [Sunyar, Mihelich, 
and Goldhaber (see reference 17) }. 


measurement of the direct hyperfine transition in Cs! 
could settle the question. Because of the conveniently 
low frequency of the hfs, AF=1 transitions could be 
looked for with available equipment. Operating in an 
external magnetic field so low as to permit observation 
only of the unresolved lines, we found a broad reso- 
nance, about 2.5 Mc/sec wide at half-maximum, 
centered at 3684.5+0.5 Mc/sec, while no indication of 
a resonance was seen in the neighborhood of 3695 
Mc/sec. Therefore, we conclude that the hyperfine 
structure constant of 3.1-hr Cs!" jis 3684.5+0.5 
Mc/sec and the nuclear magnetic moment is positive. 
Finally, from the Fermi-Segré formula u;'"*"= + 1.10 
+0.01 nm. 

Substantially the same values for the nuclear con- 
stants of Cs'™ reported here and in preliminary notes"® 
were obtained by Cohen and Gilbert'® in a similar, 
but independent experiment at the Brookhaven 
National Laboratory. 


VI. DISCUSSION 


For some time it had been assumed that 3.1-hr Cs!" 
decayed by emission of a single y ray of 127-kev (an 
E3 transition) to a 2.3-yr Cs™ ground state. However, 
as a consequence of the preliminary measurements on 
the spin of the excited isomer, Sunyar, Mihelich, and 
Goldhaber'’ (Fig. 5) reinvestigated this decay and found 
a previously undetected 10.5-kev gamma following the 
127-kev transition. These authors presented evidence 
for the decay systematics of the Cs” isomer presented 
in Fig. 4. From conversion coefficient data, and em- 
pirical and theoretical considerations, the 127.1-kev 
y ray was considered to be an £3 transition, the 10.5 
kev an M1 decay, and the 137.4-kev cross over an M4. 
As the spin of the 2.3-yr state has been found to be 4(h) 
by direct measurement using atomic beam techniques,‘ 
the decay systematics of the Cs™*™ transitions favor a 

%L. S. Goodman and S. Wexler, Phys. Rev. 95, 570 (1954): 
97, 242 (1955) ‘ 

*V. W. Cohen and D. A. Gilbert, Phys. Rev. 95, 569 (1954); 
97, 243 (1955). 

? Sunyar, Mihelich, and Goldhaber, Phys. Rev. 95, 570 (1954) 
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spin of 8(h) for the 3.1-hr isomer. Since this result agrees 
with the directly measured value, the present experi- 
ment serves as evidence for the validity of decay 
schemes based on calculations of internal conversion 
coefficients by Rose et al.*-* 

From the shell model two possible proton-neutron 
configurations are possible for the excited isomer Cs" 
compatible with the measured spin of 8(%). These are’ 
Lgzy2, Ursy2, and 2dsy2, 1hy1/2. Using a two-nucleon wave 
function, one arrives at the expression of Bellamy and 
Smith‘ for the magnetic moments of odd-odd nuclei, 
from which the moments associated with these states 
are calculated to be —0.36 and +-2.90 nm, respectively. 
Possibly a mixed configuration, as suggested by de- 
Shalit and Goldhaber,” of these two states may account 
for the measured result of +1.10 nm.”! 

An empirical method for estimating moments of 


** Rose, Goertzel, and Swift (privately circulated tables). 

® Mayer, Moszkowski, and Nordheim, Revs. Modern Phys. 
23, 315 (1951) 

*” A. de-Shalit and M. Goldhaber, Phys. Rev. 92, 1211 (1953). 

* The suggestion of a mixed configuration in Cs” was first 
made by Cohen and Gilbert, reference 15. 
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odd-odd nuclei stems from proposals™ that the spin 
contributions to the magnetic moment of the odd 
nucleons are suppressed from their respective free 
particle values when the neutron and proton are in 
the nucleus. Following this suggestion, we may take 
the effective intrinsic moment of the odd neutron and 
odd proton in Cs™*" to be —1.4 and 1.5 nm, respec- 
tively, using the graph prepared by Bloch.” Introducing 
these values into the same two-nucleon calculations, 
we find fair agreement with experiment in the result of 
+0.8 nm computed for the g72, Aiy2 configuration. 
The ds2, Ayy2 proton-neutron configuration gives the 
much higher value of +2.1 nm for the nuclear moment. 
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Cosmic-Ray Intensity above the Atmosphere at High Latitudes*} 
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The total charged particle cosmic-ray intensity above the atmosphere has been measured with thin- 
walled Geiger counters (total effective stopping power of apparatus and residual atmosphere 0.5 g/cm? of 
aluminum) carried in balloon-launched rockets at geomagnetic latitudes 54.3° N, 62.1° N, 71.9° N, and 
86.7° N. The respective values of unidirectional particle intensity averaged over the upper hemisphere are: 
J =0.4440.01, <0,50+0.05, <0.50+0.05, and =0.48+0.01 (cm? sec sterad)~'. These results are consistent 
with the complete or nearly complete absence of primary cosmic rays having a magnetic rigidity less than 


1.7K 10° volts 


I. INTRODUCTION 
A. Purpose 


HE purpose of this investigation was to make an 

absolute measurement of the total intensity of 
charged primary cosmic rays down to the lowest feasible 
value of magnetic rigidity R—in this case down to a 
value of R of about 0.2X 10° volts. 

The intensity of low-rigidity cosmic rays is of interest 
for several reasons, viz.: 
significant portion of the primary beam. (b) The 
presence or absence of low-rigidity primaries may 


* Based on the doctoral dissertation of L. H. M. (June, 1954) 

t Assisted by joint program of the Office of Naval Research, 
the U. S. Atomic Energy Commission, and the Navy Bureau of 
Aeronautics; and by the Research C tion. 

t Present address: U. S. Naval Research Laboratory, Wash- 
ington 25, D. C. 


(a) They may constitute a. 


provide a crucial test of any proposed mechanism for 
the astrophysical origin and propagation of cosmic rays. 
(c) A specific aspect of (b) may be a definitive test of 
the magnitude of the magnetic dipole moment of the 
sun. (d) It is of aeromedical interest to know the 
radiation intensity which will be encountered in flight 
at high altitudes and in the vicinity of the earth. 


B. Necessary Geographic Location 


The theoretical properties of the geomagnetic field as 
a magnetic spectrometer are summarized by Alpher.' 
A special feature of the theory is that the critical value 
of magnetic rigidity R., which a particle must possess in 
order to reach the top of the atmosphere at a specified 
location, diminishes with increasing geomagnetic lati- 


''R. A. Alpher, J. Geophys. Research 55, 437 (1950). 
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tude \ and approaches zero as \ approaches 90° north 
or south. For vertical incidence at high latitudes, the 
critical value of magnetic rigidity is given to good 
accuracy by the Stérmer relation: 


R.= 14.8 cos‘n, (1) 


where R, is measured in units of 10° volts (i.e., in Bv). 

It is therefore important to make experimental meas- 
urements at the highest possible latitudes in order to 
extend knowledge of the low-rigidity portion of the 
primary spectrum. 

In the present paper, geomagnetic latitudes** in the 
centered-dipole representation are denoted by \’; and 
in the eccentric-dipole representation, by X. 


C. Necessary Altitude 


While the earth’s magnetic field determines the geo- 
graphic position at which measurement of the intensity 
of any low-rigidity primaries must be made, absorption 
by the earth’s atmosphere determines the minimum 
altitude necessary.‘ 

Present-day balloon techniques seldom provide meas- 
uring conditions at an atmospheric pressure depth of 
less than 10 g/cm?*. This depth is equal to the ionization 
range of a vertically arriving proton of 0.46-Bv rigidity, 
for example. A useful summary of the limitations of 
balloon-borne apparatus can be obtained as follows: 
The ionization ranges / of stripped nuclei of specified 
rigidity and of various atomic numbers Z can con- 
veniently be obtained from the graphs of Rossi.* Then 
the minimum magnetic rigidity R, which a particle 
must possess to arrive vertically at a specified geo- 
magnetic latitude \ can be calculated with Eq. (1). 
By means of these two sets of data one can then list 
the geomagnetic latitude at which the value of R, for 
vertical incidence corresponds to the air range A for 
vertical travel down through the residual atmosphere 
to the apparatus. Such a listing (Table I) may be said 
to give the geomagnetic latitude ‘‘equivalent”’ to a given 
atmospheric depth (or absorber thickness). 

On the reasonable assumption that primaries of these 
low values of rigidity (and energy) are unable to make 
their existence evident (as by production of long range 
secondaries) at depths greater than their ionization 
ranges, it is evident from Table I that it is fruitless with 
present day balloon techniques to attempt measure- 
ments on the proton component of the primary beam 
at latitudes higher than 65°; or on the heavy com- 


2S. Chapman and J. Bartels, Geomagnelism (The Clarendon 
Press, Oxford, 1940), Vol. 2 

* Vestine, Laporte, Lange, Cooper, and Hendrik, Carnegie 
Institution of Washington Publication 578, 1947 (unpublished); 
and Vestine, Laporte, Lange, and Scott, Carnegie Institution of 
Washington Publication 580, 1947 (unpublished) 

‘J. A. Van Allen and S. F. Singer, Nature 170, 62 (1952). 

§ J. A. Van Allen, Nuovo cimento 10, 630 (1953), a preliminary 
account of part of the present work. 

*B. Rossi, High-Energy Particles (Prentice-Hall, Inc., New 
York, 1952), pp. 40, 41. 
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Taste I. Geomagnetic latitudes such that R, for vertical 


incidence corresponds to ionization range #4 for representative 
stripped nuclei 


Primary \’ 
nucleus 

H 70° 65° 
He 66 oo 
N 4 56 
Mg 63 
Ca 62 
Fe 6l 


0.5 g/cm'* 10 g/cm? 


ponents, at latitudes higher than about 52-56°, depend- 
ing upon the value of Z. 

In particular, there is no reasonable prospect that 
balloon measurements will extend the known primary 
spectrum to magnetic rigidities less than 0.5 Bv for 
any component.* 


Il. EXPERIMENTAL MATTERS 
A. Attainment of High Altitudes 


In order to extend knowledge of the primary spec- 
trum to lower rigidities we have employed the Iowa 
balloon-launched rocket (‘‘rockoon”’) technique.*” 


B. Nature of the Apparatus 


In choosing between a single Geiger counter and a 
Geiger counter coincidence telescope for these measure- 
ments we were led to adopt the former by several 
practical considerations : 


(a) The angular motion of free-flying rockets in a 
near vacuum is usually complex and unpredictable. For 
this reason it is necessary to provide auxiliary instru- 
mentation—such as a magnetometer and an array of 
photoelectric cells—for continuous aspect measurement 
in order to be able to interpret directional measure- 
ments.* Such complexity entails considerable technical 
difficulty of achievement in the small pay-volume and 
pay-load available. 

(b) The statistical accuracy of telescope data from a 
brief rocket flight, after necessary subdivision into 
intervals of azimuthal and zenith angles, is not high. 

(c) The stopping power of a telescope is almost 
inevitably several times greater than that of a single 
counter. 

(d) Single Geiger counters have been shown to pro- 
vide reliable absolute measurements of total charged 
particle intensity. A statistical accuracy of about 1 per- 
cent in the intensity above the appreciable atmosphere 
can be obtained in a typical rocket flight. Furthermore, 
a single Geiger counter is a sufficiently isotropic detector 
that it is unnecessary to know its orientation during 

7J. A. Van Allen and M. B. Gottlieb, Rocket Exploration of the 
Upper Atmosphere, edited by R. L. F. Boyd and M. J. Seaton 
(Pergamon Press, London, 1954), pp. 53-64. 

* J. A. Van Allen, Physics and Medicine of the Upper Aimosphere, 


edited by C. S. White and O. O. Benson, Jr., (University of New 
Mexico Press, Albuquerque, 1952), pp. 412-431. 
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Fic. 1. Physical arrangement of equipment in the rocket 
Diameter of nose shell was 6.5 inches. 1. Single Victoreen 1B85 
Geiger Counter. 2. Thin fiber plate and cathode follower. 3. Scale- 
of-thirty-two circuit. 4. Variable frequency audio-oscillator (sub- 
carrier oscillator) which frequency modulates the radio trans- 
mitter. 5, 6, 7, 8, and 9. Miscellaneous batteries for circuit power 
10. Radio telemetering transmitter 


the high-altitude portion of the rocket flight, where the 
incidence of the radiation is only mildly anisotropic. 


C. Geometric Factor of the Geiger Counter 


rhe Victoreen 1B85 Geiger counter was selected for 
these measurements principally because of its thin wall 
30 mg/cm? of aluminum). 
The average unidirectional intensity over the upper 
hemisphere is defined by 


1 ar r/? 
J= f f J (0,¢) sinddéd ¢, (2) 
2r 0 0 


wherein J (@,¢) is the unidirectional intensity at zenith 
angle 6, azimuthal angle ¢, and where it is understood 
that any upward moving radiation is arbitrarily as- 
signed to the @, ¢ of its reversed trajectory. 

The counting rate N of a Geiger counter may be 


VAN ALLEN, 


AND GOTTLIEB 
written as 


N=GJ. (3) 


The efficiency is denoted by « and the geometric 
factor G is, in general, a function of the angular distri- 
bution of the radiation, the orientation of the counter, 
and its effective length / and effective diameter a. 

The value of G for a cylindrical counter of any 
orientation in a field in which the unidirectional in- 
tensity is isotropic over one hemisphere, zero over the 
other is 

Giso= 0.527 al(1+0/21). (4) 


It is easily shown that, for the observed angular distri- 
butions of radiation above the atmosphere at various 
latitudes and for the //a (~3.5) of our counters, the 
quantity 

N/ Giso (5) 
does not differ from the true J by as much as 1 percent 
in a typical rocket flight. Hence we are justified in using 
Eq. (3) with G=G;,. for the calculation of J from 
the observed counting rate NV on the high altitude 
plateau." This simplification does not obtain, of 
course, within the lower atmosphere where the angular 
distribution of radiation intensity is markedly ani- 
sotropic. 

In order to calculate J from NV we then must know 
a, 1, and e. It has been found by other investigators’? 
that the effective diameter of a Geiger counter is within 
0.01 cm of its physical inside diameter. The physical 
inside diameter of the 1B85’s was measured to be 
1.91+0.01 cm and the effective diameter was taken 
to be 

a= 1.91+0.02 cm. (6) 


The effective lengths of individual Geiger counters 
and their efficiencies were determined experimentally." 
A tabulation of effective lengths and of the quantity 
Gio is given in Table IT. 

In view of the earlier discussion, J above the atmos- 
phere was calculated from the observed counting rates 
on the high-altitude plateau by using Eq. (3) with 
G=Gig. The corrections for counter dead-time and 
loss of counts in the circuits were negligible. 

It was necessary to use a different set of instrumenta- 
tion for each rocket flight as no recovery was attempted. 
The individual sets were intercompared by measuring 
the counting rate of each set when a standard radio- 
active source was placed a standard distance from it. 
The counting rates of the individual sets were pro- 
portional to the effective length of the Geiger counter 
used within the statistical uncertainty of 0.5 percent. 

* J. A. Van Allen and H. E. Tatel, Phys. Rev. 73, 245 (1948). 

% Gangnes, Jenkins, and Van Allen, Phys. Rev. 75, 57 (1949). 

1G. J. Perlow and C. W. Kissinger, Phys. Rev. 81, 552 (1951). 
_™J. C. Street and R. H. Woodward, Phys. Rev. 46, 1029 
OOK. Greisen and N. Nereson, Phys. Rev. 62, 316 (1942). 

“ Miscellaneous experimental details are described by L. H. 


Meredith, Doctoral Dissertation, State University of Iowa, 1954 
(unpublished). 





COSMIC-RAY INTENSITY 


D. Radio Telemetering System 





Throughout the balloon-borne phase and the free- 
flight phase of the rocket’s flight, the counting rate of 
the Geiger counter was transmitted to a receiving 
station on the launching ship'* by a radio telemetering 
system. The Geiger counter pulses were fed directly to 
a cathode follower and from this to a scale of thirty-two 
circuit.!® Pulses from this scaler were used to shift the 
frequency of a 3900-cps subcarrier oscillator. The oscil- 
lator output then frequency modulated a 76 megacycle 
per second rf transmitter. The transmitting antenna 
consisted of two portions of the rocket itself: the nose 
shell (about 36 in. in length) was electrically insulated 
from the afterbody. The transmitter was arranged to 
produce an rf potential difference between these two 
portions, giving a quite suitable radiation pattern with 
cylindrical symmetry about the rocket axis. 

At the receiving station the rf signal was received by 
a directional two-stack Yagi antenna and fed to a 
Clarke Instrument Company 167-J high quality FM 
receiver. The receiver’s audio-frequency output was put 
through a band-pass filter to a discriminator. This dis- 
criminator yielded a voltage pulse for each transient 
audio-frequency shift. These pulses were amplified by 
a Brush Electronics Company BL-905 amplifier and 
then recorded on the moving paper strip of a Brush 
BL-202 inking oscillograph. A simultaneous recording 
was made on the same paper strip of time signals which 
occurred at five second intervals. This telemetering 
system was similar to that described by Coor."? 


E. Physical Arrangement 


The physical arrangement of the equipment in the 
rocket is shown in Fig. 1. The equipment was mounted 
on circular plates which were ? in. thick. The upper 
three of these plates were of Dow metal while the lower 
one, which supported the lead storage battery, was of 
steel. The plates were supported by } in. diameter brass 
posts. To prevent corona the nose shell was sealed 
pressure-tight with an “O’’-ring to maintain sea-level 
pressure throughout flight. 


TABLE IT. Effective lengths and geometric 
factors of Geiger counters 


Counter effective « Gi 

Flight number length (cm) (cm* steradian) 
White Sands 6.70+0.08 70.7 1.1 
S.U.L-2 6.00 +0.08 69.8+1.1 
S.U.L4 6.00+-0.08 69 8+1.1 
S.U.L-5 6.60+0.08 (9 8+1.1 
S.U.L-23 6.20+0.08 66.141.1 

‘6 The U. S. Coast Guard Cutter Eastwind (WAGB-279), an 


icebreaker 

‘6 Rugged subminiature tubes (Raytheon CK 5678's) were used 
in a circuit adapted from one kindly sent us by J. A. Simpson 

7 T. Coor, Doctoral Dissertation, Princeton University, 1948 
(unpublished ) : 
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Fic. 2. Comparison of test flight results (open circles) of present 
equipment at White Sands, New Mexico with previous results 
(solid circles) at same location. See text and reference 10 


From Fig. 1, it can be seen that the Geiger counter 
was located at the apex of the instrumentation and was 
well isolated from any masses of material. The poly- 
styrene supporting disk at the lower end of the counter 
was 2 in. in diameter and 0.2 in. in thickness. The 
aluminum nose shell was 0.050 in. in thickness. These 
thicknesses were judged to be the minimum values 
sufficient to provide the necessary strength. 

Minimum thicknesses were desired for two reasons. 
The first was to reduce the contribution of locally 
produced secondaries to the measured counting rate. 
In this connection it should be mentioned that the 
body of the rocket subtended less than 2 percent of 
the total solid angle seen by the Geiger counter. The 
second was to reduce to the lowest practical value the 
amount of material which a particle must traverse 
before reaching the active volume of the Geiger counter. 
It was for this latter purpose that thin walled Victoreen 
1B85 Geiger counters were selected. By means of de- 
tailed path length calculations on the exact physical 
arrangement it was found that the minimum thickness 
of material which a particle had to traverse to reach 
the active volume of the counter was 0.4 g/cm*. With 
the rocket in nose-up aspect 90 percent of the radiation 
experienced a path length of less than 0.5 g/cm*; 
whereas in nose-down aspect, 60 percent experienced a 
path length less thanj0.5 g/cm*. Hence we adopted 0.5 
g/cm? of aluminum as the effective apparatus thickness. 


F. Preliminary Flights 

An initial test firing of one complete set of instru- 
mentation was made in a Deacon rocket nearly identical 
with those later to be used in the flights at northern 
latitudes. The rocket was launched from a short tower 
mounted on the ground at the White Sands Proving 
Ground. The firing was conducted by the staff of the 
Naval Ordnance Missile Test Facility at 0645 M.S.T. 
on June 26, 1952. Operation of the equipment was 
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Fic. 3. Counting rate data obtained in a balloon-rocket flight in which the rocket failed to fire. \= 87° N. $.U.1.-2 of August 24, 1952. 


satisfactory. The observed counting rate of the Geiger 
counter as a function of altitude is shown in Fig. 2; 
tracking data furnished by the N.O.M.T.F. were used 
in converting the observed counting rate vs time data 
to an altitude above sea level basis 

Also shown for comparison on Fig. 2 are similar data 
previously obtained by Gangnes, Jenkins, and Van 
Allen'® at the same location. These previous results, 
obtained with a single Geiger counter of different 


dimensions, were normalized on an absolute basis to 
the size of a 1B85 counter by using the appropriate 
geometric factors. There is seen to be satisfactory 
agreement between the two sets of data. 

A flight test on how long the entire system would 
operate properly on the batteries used was obtained in 
a balloon rocket flight made at \=87°. In this flight 


the rocket failed to fire due to a defective firing circuit. 
Figure 3 shows the results obtained. It can be seen that 





Fic. 4. Chart showing geographic 
location of rockoon flights. 
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TasLe IIT. General flight data. 
Flight No. $.U.L-2 S.U.L4 $.U.1.-5 $.U.1.-23 
Geographic latitude and longitude of bal- 77° 31’N 77° 32'N 77° 21'N 44° 33’ N 
loon launching 73°30) W 73° 29.5’ W 73° 20’ W $7° 03’ W 
Geomagnetic latitude of balloon launching 
(a) Per centered dipole 88.5° 88.5° 88.5° 56.5° 
(b) Per eccentric dipole 86.7° 86.7° 86.7° 54.3° 
Time of rocket firing Rocket did not fire. Balloon 0830 G.C.T. 1917 G.C.T. 1510 G.C.T, 
launched at 0334 G.C.T. 
Date 3 Sept. 1953 





for nine hours the counting rate was nearly constant 
at 39.5 counts/second. The small counting rate decrease 
was attributed to a slow descent of the balloon and 
rocket. During this period the rocket altitude was about 
21.3 km (45 g/cm*). This flight also demonstrated the 
adequacy of the arrangements for maintaining the 
temperature of the rocket in the range of proper 
operability. In addition, the data are of value for com- 
parison with data from subsequent rocket flights. 

The termination of the data was caused by the fading 
of the transmitter signal. This could have been caused 
by the passage of the apparatus over the radio horizon 
or by a transmitter battery failure. In either case Fig. 3 


24 Aug. 1952 


29 Aug. 1952 29 Aug. 1952 


shows the system could operate on the batteries used 
for at least 10.7 hours after launching. The complete 
system was set in operation about a half hour before 
launching. For the flights in which the rocket fired the 
total time of operation of the equipment was an hour 
and a half to two hours. The system then had a safety 
factor in its length of operation of about six. 


Ill. RESULTS 
A. General Flight Data 


The locations of the launchings of the ‘‘rockoon”’ 
flights are shown in Fig. 4. In this figure, the number 
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Fic. 5. Counting rate of single Geiger counter as a function of time of flight. S.U.L-4 of August 29, 1952. }= 86.7° N. For the 
first 54 minutes the rocket was being lifted by a General Mills Type 551 balloon. The remainder of the data was recorded during 
flight of the rocket to high altitude and return to the sea. Note 60-fold expansion of time scale during latter period. 
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Fic. 6. Counting rate of single Geiger counter as a function of time of flight. $.U.1.-5 of August 29, 1952. \=86.7° N. 
Rocket fired at 62 minutes after release of rocket-balloon system from ship 


two indicates the launching position of the previously 
described flight in which the rocket failed to fire 
Numbers four, five, and twenty-three give the locations 
at which successful single counter rocket firings were 
made. A summary of the data relevant to the time and 
location of these flights is given in Table ITI. 

In Table ITI geomagnetic latitudes are given in both 
the centered- and eccentric-dipole approximations. The 
latter is taken to give the true geomagnetic latitude, \. 

The latitude of the flights given in Table III are 
those at which the rockoons were launched. In every 
case the rockoon drifted approximately along a line of 
constant geomagnetic latitude. Also, the flight duration 
before the rocket fired was only about an hour. For 
these two reasons the geomagnetic latitude of firing 
was taken to be the same as the latitude of launching. 


B. Observed Counting Rates and 
Discussion of Validity 


In Figs. 5, 6, and 7 are shown the counting rates 
observed in flights four, five, and twenty-three, respec- 
tively. To better exhibit the data, the time scale for the 
period after the rocket fired has been expanded by a 
factor of sixty over that used during the balloon portion 
of the flight. Brief portions of the flight during which 
noise due to poor radio reception obscured the scaler 
pulses have been designated by “noise.” In all other 
portions of the flight an excellent clear record was 
obtained. That all the pulses were from the scaler was 


verified by their characteristic height and shape and 
also by the appearance of a small pulse of the opposite 
polarity between each scale of thirty-two pulse. This 
smal! pulse corresponded to a scale of sixteen. 

From Figs. 5, 6 and 7 it can be seen that after the 
rocket fires the counting rate goes through two maxima. 
These are separated by a plateau region in which the 
counting rate is constant. The interpretation of these 
counting rate curves is that the two maxima correspond 
to the passage of the rocket through the Regener- 
Pfotzer transition maximum on the ascent and descent 
respectively. The constant counting rate on the plateau 
is interpreted’ as being due to the cosmic ray intensity 
above the appreciable atmosphere. 

Under the primitive circumstances of the flights no 
facilities were available for tracking the rocket in its 
flight. Such tracking is not essential to these experi- 
ments, of course. Nonetheless, a worthwhile validity 
check on the time duration of the high-altitude plateaus 
can be made by an approximate ballistic calculation. 
In the case of flights four and five, the firing altitude 
was estimated by comparing the Geiger counting rate 
at the instant of firing with the rate in similar flights 
which were equipped with radio sonde barographs. The 
subsequent altitude-time curve was then calculated 
numerically"* assuming vertical flight and using the 
rocket performance characteristics and drag data ob- 
tained in the White Sands flight previously mentioned. 


= The authors are indebted to Mr. E. C. Ray and Mr. R. M. 
Missert for these calculations. 
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Fic. 7. Counting rate of single Geiger counter as a function of time of flight. $.U.1.-23 of September 3, 1953. 
h=54.3° N. Rocket fired at 62 minutes after release of rocket-balloon system from ship 


The firing altitude of Flight 23 was known from radio _ time is, of course, not essential to the accuracy of the 
sonde data. Pertinent results of these calculations are plateau data. 
tabulated in Table IV. Also included in this table are Our own data provide no information as to whether 
the observed plateau durations as found from Figs. 5,6 the flights were made at times when the cosmic-ray 
and 7. It is evident that the observed plateau durations intensity differed appreciably from its average value. 
are in adequate agreement with the calculated flight But Simpson'® has kindly informed us of the neutron 
time above 50 km. The onset of the high-altitude intensities at Climax, Colorado, at the times of our 
plateau has been previously found'® to occur at just flights. These neutron intensities are given in Table V. 
this altitude (at lower latitudes). Neher and Forbush®® have demonstrated that the 
A further over-all check was made by plotting the fluctuations in the rate of ionization at high balloon 
distribution of time intervals between successive pulses aJtitudes are closely correlated with the fluctuations in 
on the plateau. This distribution was in excellent agree- neutron intensity at Climax. The fractional fluctuation 
ment with that expected from a scale-of-thirty-two of the former is two to three times as great as that of 
circuit whose input was a Poisson distribution of indi- the latter. The last line of Table V was calculated using 
vidual pulses with constant average rate of arrival; and a factor of three in order to obtain a generous estimate 
it was in definite disagreement with the broader distri- Thus Table V shows that our omnidirectional intensities 
bution to be expected from any significant occurrence above the atmosphere (Flights 4, 5 and 23) probably 
of bursts of corona, microphonism, intermittent circuit do not differ from their long term average values by 
operation, etc. more than one percent. No explicit correction was 
The satisfactory agreement of the data for the up applied to our data. 
and down legs of the flight is also a good indication of 
trustworthiness. C. Hemispherical Average Unidirectional 
The greater time duration of the transition maximum Intensity at 2 =86.7° N 
on the ascent than on the descent of Flights 5 and 23 is 
attributable to lack of precision of knowledge of the 
firing time of the rocket and to the three second ac- 
celerative period of the rocket on the ascent. No sharply 
defined telemetering indication of the instant of firing 
occurred; the firing time was crudely estimated from 
the more rapid time-rate-of-change of the intensity of 
the rf telemetering signal which occurs during the rocket A. Simpson (private communication) 
phase of the flight. A precise determination of the firing * FH. V. Neher and S. E. Forbush, Phys. Rev. 88, 889 (1952) 


The counting rates on the plateau of Flights 4 and 5 
are 33.3+0.8 and 33.6+0.5 counts per second respec- 
tively, being in agreement within their small statistical 
uncertainties. (Geometric factors of respective counters 
identical.) Combining these results with proper relative 
weight we obtain a plateau counting rate of 33.5+0.4 
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Taste IV. Observed and calculated ballistic data. 





S.U.L-23 


Flight nsumber $.U.1.-5 


Altitude of launching of rocket 
above M.S.L. 

Calculated summit altitude 
above M.S.L. 

Calculated duration of rocket’s 
flight above 50 km 

Measured plateau duration 


110km 174km 20.1km 


55 km 90 km 98 km 
198 sec 


200 sec 


6A sec 
76 sec 


181 sec 
184 sec 











counts per second. Then using Eq. (3) and the values 
of Gis from Table I, we obtain 

(7) 
at \=86.7° N.. This is the absolute value of the hemi- 


spherical average unidirectional intensity above the 
appreciable atmosphere in the sense of Eq. (2). 


J =0.48+0.01 (cm? sec steradian) 


D. Hemispherical Average Unidirectional 
Intensity at 2. = 54.3° N 
Similarly, from the observed counting rate of 28.8 
+0.4 counts per second on the high-altitude plateau of 
Flight 23, we obtain 
(8) 
at \=54.3°N. The errors indicated in (7) and (8) 


encompass statistical counting errors and errors in 
knowledge of eGiso. 


J =0.44+0.01 (cm? sec steradian)— 


E. Hemispherical Average Unidirectional Intensity 
at 2 = 62.1° N and 2=71.9° N 


Two other successful rockoon flights (S.U.I.-20 
and S.U.I.-13) of identical apparatus were made during 
the 1953 expedition. The flights at A=62.1°N and 
71.9°N respectively were made in the auroral zone. 
Inasmuch as the results of these flights have provided 


direct evidence for a considerable intensity of low- 
energy radiation (apparently of auroral character) 
above 50 km, a separate communication has been 
devoted to their detailed presentation. But they also 
provide values of J pertinent to the present investi- 
gation. The values are less accurate than those quoted 
in the preceding sections but are worthy of inclusion. 
They are 


J <90.50+0.05 (cm? sec steradian) 
at A\=62.1° N, and 

J<0.50+0.05 (cm? sec steradian)—! 
at AX=71.9° N. 


(9) 


(10) 


F. Comparable Previous Results in this 
Latitude Region 

Comparable values of J have been previously derived 
from results of directional coincidence telescope meas- 
urements at A\=52.2°N and A=59.3° N. These meas- 
urements were made with Aerobee rockets on a cruise 
of the U.S.S. Norton Sound (AV-11) in January, 1950 
in the Pacific Ocean and the Gulf of Alaska.* Apparatus 
stopping powers were about 3 g/cm? of copper and 
aluminum. The results were: 


J =0.31+0.03 (cm? sec steradian)~ 
at A=52.2° N, and 

J =0.41+0.03 (cm? sec steradian)~ 
at A=59.3°N. 


(11) 


(12) 


IV. SUMMARY AND DISCUSSION 
A. Tabular Summary of Observed Data 


The values of J above the atmosphere (7), (8), (9), 
(10), (11), (12) and others previously reported'®™ are 


Taste V. Neutron intensity data at Climax, Colorado (after Simpson).* 


Flight No 


Firing time 


Average neutron intensity during hour of measurement 


Long term average hourly rate* 


Percent difference between neutron intensity during flight and 
average value 


Presumed percent difference between measured and average 
charged particle intensities above atmosphere 


* See reference 19 
> These rates were measured with a different pile than that in use duri 
at the time of Flights 2, 4, and S$. This normalization has an uncertainty of 


“Aug. 24, 1952 _ 
(See Table ITT) 


S.U.1.-2 S.U.L4 S.U.L-5 
Aug. 29, 1952 Aug. 29, 1952 
0830 G.C.T. 1917 G.C.T 


$.U.1.-23 


Sept. 3, 1953 
1510 G.CT. 


1500 
3597 to 
1600 


0530 0800 
to 3550 to 
1330 0900 


1900 
3593 to 
2000 


3627° 


3589.8 3589.8 


+0.20% 


3639.7" 


—0.35% 


3589.8 


-1.1% +0.09% 


3.3% 40.3% +0.6% 


~1.0% 








Flights 2, 4, and 5. The rate has, however, been normalized to the pile used 
+0.5 percent. 


* For Flights 2, 4, and 5 this rate was obtained by averaging the neutron intensity for the period July 24-September 1, 1952. For Flight 23 the rate was 
the average neutron intensity for the period spanned by +20 days of the firing day. 


™ Meredith Gottlieb, and Van Allen, Phys. Rev. $7, 201 (1955 
® J. A. Van Allen and A. V. Gangnes, Phys. Rev. 78, 50 (1950). 








summarized in Table VI and plotted in Fig. 8. The 
reader is cautioned to distinguish the raw experimental 
value of J above the atmosphere from the vertical 
intensity J(0°) and from the best direct estimate of 
the primary intensity J p. 


B. Remarks on Interpretation 


It is evident that there is only a slight increase in 
total cosmic-ray intensity above the atmosphere as one 
goes north of \=55° N. In this respect our results are 
concordant with those of Carmichael and Dymond,” 
Pomerantz and McClure™ and Neher, Peterson, and 
Stern.** In particular, the ionization chamber work of 
Neher and his associates places the latitude knee at 
\’=58° N or A=57° N. By virtue of the considerably 
reduced stopping power of our apparatus plus residual 
atmosphere (total of 0.5 g/cm?*) in contrast to that of 
previous balloon investigators (10 to 15 g/cm’), it is now 
possible to extend considerably and to make more 
certain the low-rigidity end of the primary cosmic-ray 
spectrum. 

Several general points should be noted: 


(1) The interpretation of all gross “latitude effects” 
into information pertaining to the rigidity (or energy) 
spectrum of the primary radiation has essential de- 
pendence on geomagnetic theory.' If presently accepted 
geomagnetic theory is found to contain important 
omissions or errors then the interpretation will be 
correspondingly in error. 

(2) Our measurements are limited in temporal ex- 
tension and may not provide a full picture of long term 
conditions. 

(3) Single Geiger counters measure effectively the 
omnidirectional intensity. Hence the observed values 
of J previously reported comprise comparable contribu- 
tions from primary radiation and from secondary radia- 
tion (atmospheric “albedo”’). That is, we may write 


J=J pt+Ja, 


where the subscripts P and A denote primary and 
albedo radiation respectively. 

(4) Total intensity measurements such as the present 
ones are of no useful significance with respect to heavy 
primaries (Z>2) due to the low relative intensity of 
heavies in the primary beam. Rather, they pertain to 
the major components—protons and alpha particles. 
A separate investigation of the low-rigidity end of the 
spectra of heavy primaries is reported elsewhere.” 

(5) Even if there is a cutoff in the spectra of the 
principal components of the primary radiation at a 
magnetic rigidity Rmis—corresponding to the’ geomag- 


(13) 


%H. Carmichael and E. G. Dymond, Proc. Roy. Soc. (London) 
A171, 321 (1939). 

*M. A. Pomerantz and G. W. McClure, Phys. Rev. 86, 536 
(1952) and references to previous work therein 

% Neher, Peterson, and Stern, Phys. Rev. 90, 655 (1953). 

* Ellis, Gottlieb, and Van Allen, Phys. Rev. 95, 147 (1954). 
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Fic. 8. Summary plot of observed total unidirectional intensity 
(averaged over upper hemisphere) J above the atmosphere at 
various latitudes, and the analysis into primary radiation Jp, 
splash albedo J 4s, and re-entrant albedo Jaz. J =Jp+Jas+J ar 
See Sec. IV of text. 


netic cutoff in the vertical direction at some latitude 

it is predicted by geomagnetic theory that J» will con- 
tinue to increase substantially as one goes to higher 
latitudes than A. This expected increase is due to the 
progressive opening up of the “earth’s shadow cone.” 
At latitudes such as \=55° the shadow cone is re- 
sponsible for much higher values of R, at large zenith 
angles than the vertical value. Only at \=90° does R, 
go to zero for all @ and ¢. 

(6) For analytical purposes it is helpful to consider 
the albedo radiation at any point above the atmosphere 
to be divided into two categories: (a) “splash albedo,” 
upward moving secondary radiation arising from nu- 
clear collisions of primaries in the atmosphere and 
(b) “re-entrant albedo,” downward moving secondary 
radiation of the same origin which has been unable to 
escape from the earth’s field and which is therefore 
returning to the atmosphere. 

(7) The intensity of splash albedo is calculable, in 
principle, from data on the angular distribution and 
intensities of primaries, on the cross sections for inter- 
action, on the multiplicity, angular distribution, energies 
and nature of the secondaries, etc. Unfortunately, the 
existing experimental data are still too meager to permit 
a satisfactory calculation. Nonetheless, it is illuminating 


TABLE VI. Observed unidirectional! intensity above the 
atmosphere averaged over upper hemisphere 


Geomagnetic 


latitude—a J (cm? sec steradian) Reference 
0 0.0534+0.002 a 
41°N 0.120-+0.009 b 
§2.2° N 0.31 +0.03 r 
54.37°N 0.44 +001 d 
59.3°N 041 +003 c 
62.1°N 0.50 +005 © 
719° N 0.50 +0.05 © 
86.7° N 0.48 +001 d 





* See reference 22 

» See references 9, 10, 11. 
* See reference § 

4 See present paper 

* See reference 21 
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to carry out even a very crude calculation. This we 
have done along the following lines: the average angular 
distribution of grey and minimum-ionizing secondary 
tracks and their average multiplicity according to high- 
altitude balloon data of Salant, Hornbostel, and Blau?’ 
were adopted; the interaction mean free path of pri- 
maries in air was taken to be 100 g/cm’; and all 
secondaries were taken to have an air range of 150 
g/cn’. From consideration of the generally forward 
collimation of the secondaries in an elementary act, it is 
evident that most of the splash albedo arises from 
primaries which are incident on the atmosphere at large 
zenith angles. By the same token, the intensity of the 
splash albedo is a minimum in the vertical direction; 
its intensity at large zenith angles is several times 
greater. In a specific calculation for isotropic incidence 
of primaries, we find that the contribution of albedo 
(splash) to the average intensity above the atmos- 
phere is 

Ja s=0.3d p. (14) 


The bulk of the contribution comes from primaries 
arriving at zenith angles greater than 60°. 

(8) The fate of the splash albedo in the earth’s mag- 
netic field is either return to the top of the atmosphere 
(thus becoming re-entrant albedo) or escape to infinity. 
In a valuable discussion of this matter Treiman*®* has 
shown that all splash albedo which originates at latitude 
\ and which does not satisfy the geomagnetic conditions 
for escape will return to the atmosphere at approxi- 
mately the same latitude (in either the same or opposite 
hemisphere of the earth), the breadth of the zone of re- 
entry being dependent on the magnetic rigidity of the 
radiation and on the angle of “emission.” In a typical 
case this zone has a width of one or two degrees of 
latitude. Treiman conjectures that the re-entrant albedo 
returns more or less isotropically. Yet it is possible to 
see that in some simple cases (e.g., near the equator) 
that albedo which leaves at a large zenith angle wil! 
likewise return at a large zenith angle. Thus, it is 
reasonable to believe that there is some persistence of 
direction, though the tendency is toward isotropy of re- 
entry. In view of the essential lack of interchange of 
albedo from one latitude to another and in consideration 
of the magnetic rigidities of typical secondaries one 
may conclude that approximately the ratio 


Jar/Jas=1 for \<55°, (15) 


wherein the subscript AR denotes albedo (re-entrant), 
and the subscript AS, albedo (splash). Toward higher 
latitudes, the ratio of J 4x/J 45 progressively diminishes 
due to increasing ease of escape from the geomagnetic 
field until 

A= 90°. 


Jan=0, at (16) 


* J. Hornbostel (private communication 
*S. B. Treiman, Phys. Rev. 91, 957 (1953 
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These considerations are essential to our interpretation 
of the variation of J with X. 

(9) The total unidirectional intensity above the 
atmosphere in the vertical direction contains the least 
contribution of albedo, and therefore represents the 
best simply observable approximation to the true 
primary intensity at any latitude. Absolute measure- 
ments of the vertical unidirectional intensity above and 
near the effective top of the atmosphere have been 
reported by a number of workers.*** The results of 
these measurements can be well represented®™ by the 
integral number-rigidity spectrum: 


J(>R)=0A8R", 2Bv<R<ISBv, (17) 
where J(>R) gives the intensity in units of (cm®* sec 
steradian) of particles whose magnetic rigidity ex- 
ceeds R(= pc/Ze) Bv. Or, in the corresponding range of 
energy” (making the approximation Z/A=1 for all 
constituents), 


J(>E)=0.37E-°*, (18) 


where E is kinetic energy in Bev and the units of J are 
as in (17). 

It is a matter of great importance to determine experi- 
mentally the fraction of the vertical unidirectional in- 
tensity which is albedo. The experimental difficulties 
are formidable; but there are several investigations®-™ 
at \’=40°, 41° which make it reasonable to assume 
that about 0.85 of the total vertical unidirectional 
intensity is true primary radiation and about 0.15 of 
the total is albedo of splash and re-entrant types. We 
shall make the further tentative assumption that this 
proportion is independent of latitude. 


C. First Trial Interpretation: No Spectral Cutoff 


On the basis of the foregoing considerations it is 
assumed specifically that the integral primary spectrum 
is given by 

Jp(>R)=041R"-, (19) 
or by 


Jp(>E)=0.31E-°". (20) 


For a first trial interpretation it is further assumed that 
there is no spectral cutoff—e.g., spectra (19) and (20) 
continue to hold below the rigidity, or energy, for which 
they have been determined and do, indeed, hold for 
R-—0, or E—). Then, by using the details of geomag- 
netic theory and the range limitations of our apparatus, 
it is possible to calculate the expected latitude de- 
pendence of observable Jp. The effective apparatus 

™ Winckler, Stix, Dwight, and Sabin, Phys. Rev. 79, 656 
(1950) 

*™ M. Vidale and M. Schein, Nuovo cimento 8, 1 (1951). 

"J. A. Van Allen and S. F. Singer, Phys. Rev. 78, 819 (1950); 
80, 116 (1950) 

®S. E. Golian and E. H. Krause, Phys. Rev. 71, 918 (1947); 
G. J. Perlow and J. D. Shipman, Phys. Rev. 71, 325 (1947); 
Perlow, Davis, Kissinger, and Shipman, Phys. Rev. 88, 321 
(1952). 

% J. R. Winckler and K. Anderson, Phys. Rev. 93, 596 (1954). 
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thickness was 0.5 g/cm? of aluminum. This corresponds 
to the ionization range of a proton of kinetic energy 
19 Mev or magnetic rigidity 0.19 By. The hemispherical 
average primary intensity, in the sense of Eq. (2) and 
as observable with our apparatus was calculated omit- 
ting any contribution from albedo. Such calculations 
give a lower limit of the total J to be expected under 
the prevailing assumption. The results of these calcu- 
lations are that the extrapolated spectrum (19) leads 
to a lower limit of the expected intensity at \=87° of 
about five times that observed, and that the extrapolated 
spectrum (20) leads to a lower limit of expected in- 
tensity about seventeen times that observed. 

Hence, without further refinement, we conclude that 
the assumptions of this section—namely no low-rigidity 
spectral cutoff and no change of spectral form at low 
rigidities—are overwhelmingly false. 


D. Second Trial Interpretation: Sharp Spectral 
Cutoff at R=1.7 Bv 


The assumption is now made that the integral pri- 
mary spectrum is given by 


Jr(>R)=041R"', 1.7 BVSR< =; 


21 
J p(> R)= (0.41) (1.7)*"=0.23, R<1.7 By. (21) 


The foundations for this assumption are to be found in 
reference 31. 

For simplicity of calculation, the spectral assumption 
of this section has been formalized in Eqs. (21) to a 
perfectly sharp break at R=1.7 Bv (vertical geomag- 
netic cutoff at \=54°). It may well be that a rounding 
of the spectrum from 1.8 to 1.2 Bv, and then a complete 
flatness below 1.2 Bv, for example, are more natural 
and may be supported eventually by more detailed 
experiments in the appropriate latitude range. 

The resulting curve of expected Jp vs d is plotted in 
Fig. 8. 

Also shown in Fig. 8 are two dashed curves repre- 
senting the latitude dependence of J4s5 and J,,. At 
latitudes less than 55° it was assumed that J4r=J 4s. 
(This is equivalent to the assumption that all albedo 
particles have a magnetic rigidity less than 1.6 Bv.) 
And, of course, 


J = Jp T J j= Jp + J 8s +J 4R- (22) 


North of \=55°, a continuation of the J4s5 curve has 


been estimated by assuming that ./ 5 is proportional to 
the intensity of primary radiation arriving at zenith 
angles greater than 60°, Finally, the curve of Jar 
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north of 55° has been drawn so that 
Jan@JI—J p—J as. 


The fall-off of J,” north of 55° is seen to be generally 
plausible ; and in fact J an falls to nearly zero at \= 90°, 
as it must, though this requirement was nowhere intro- 
duced in the analysis. 

It seems most remarkable that the true fall-off of J, 
with latitude should occur in just such a way as to so 
nearly compensate for the concurrent increase of 
J p+J 4s. There is, however, a suggestion of an upward 
bulge in the measured values of J in the vicinity of 
\=70°. If this bulge persists in more accurate measure- 
ments (which are currently underway), it may be 
related to the similar one reported by Neher ef al.”* and 
may simply reflect the imperfection of the above men- 
tioned cancellation. 

A specific prediction of the foregoing interpretation is 
that the vertical: intensity above the atmosphere at 
\=90° is 0.29 (cm* sec sterad)~'. No experimental 
evidence on this matter is available as yet. 

Figure 8 and the foregoing discussion demonstrate 
that the experimental results are consistent with a 
primary spectrum which is sharply cut off at R=1.7 By 
[ Eq. (21) ]. 

In view of fundamental uncertainties in the higher 
rigidity portion of the primary spectrum, in the pro- 
duction of albedo, and in the details of geomagnetic 
theory, it is very difficult to make a precise conclusion 
as to the absence of primaries of magnetic rigidity less 
than about 1.7 By. Nonetheless, Fig. 8 presents the 
physical situation as presently understood and is prob- 
ably substantially correct. 


(23) 
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Photoproduction of Positive Pions in Hydrogen-Magnetic Spectrometer Method* 
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Positive pions produced in a cold, high-pressure hydrogen gas target by the 500-Mev bremsstrahlung of 
the CalTech synchrotron, have been analyzed by a large magnetic spectrometer. The photoproduction cross 
section has been measured as a function of photon energy at laboratory angles of 12.5°, 30°, 51°, 73°, 104°, 
140°, and 180°. The energy region covered depends somewhat on the angle, but is typically from 200 to 470 
Mev. From these excitation curves the angular distribution of the photopions in the center of momentum 
system is obtained for various photon energies, and these angular distributions are analyzed in the form 
A+-B cosé+C cos. The angular distribution has a backward maximum at low energies and a forward 
maximum at high energies, the coefficient B changing sign at about 340 Mev. The total cross section shows a 
striking maximum near 290 Mev, of magnitude 20510" cm?, and falls off above the maximum faster 


than ? 





INTRODUCTION 


HE nature of the interaction between pions and 

nucleons may be investigated most directly, per- 
haps, by measurements of the scattering of pions by 
nucleons. Many such pion-nucleon scattering experi- 
ments have been performed, and the results analyzed in 
terms of scattering phase shifts.'* The analysis does not 
yield unique results, and the problem of deciding which 
phase shifts are probably the correct ones has been 
extensively investigated by de Hoffmann, Metropolis, 
Alei, and Bethe.>* 

A closely related process is photopion production, 
which involves the interaction between photons and the 
two particles, pion and nucleon, as well as the interaction 
between pion and nucleon themselves. 

The first measurements of the photoproduction of 
positive pions in hydrogen were those of Steinberger and 
Bishop’ at Berkeley. They measured the cross section at 
90° in the laboratory between photon energies 170 and 
320 Mev, using targets of polyethylene and carbon, and 
making a subtraction to obtain the cross section in 
hydrogen. The pions were identified by requiring a 
delayed coincidence from the r—y—e decay. The pion 
energy was obtained from its range in aluminum ab- 
sorber placed between target and counter. Steinberger 
and Bishop found that the excitation curve at 90° 
seemed to reach a maximum near 290 Mev and was 
either flat or starting to decrease between 280 and 310 
Mey. They also measured the angular distribution at 
255 Mev between 60° and 160° in the center of mass 
found a maximum in the backward 


system, and 


* This work was supported in part by the U. S. Atomic Energy 
Commission 

' See, for example 
Rev. 91, 155 (1953 

* For a review of the experimental data and analysis, and a list of 
references to the original work, see the forthcoming book: H. A 
Bethe and F. de Hoffmann, Mesons and Fields (Row, Peterson, 
and Company, Evanston), Vol. 2 

* de Hoffmann, Metropolis, Alei, and Bethe, Phys. Rev. 95, 1586 
(1954 

* H. A. Bethe and F. de Hoffmann, Phys. Rev. 95, 1100 (1954) 

* J. Steinberger and A. S. Bishop, Phys. Rev. 86, 171 (1952) 
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hemisphere. These results have been verified in suc- 
ceeding work. 

Further measurements of photopion production in 
hydrogen have been made at Berkeley by White, 
Jacobson, and Schulz* and by Jarmie, Repp, and 
White.’ 

The most extensive measurements to date in the 
region 200 to 300 Mev have been those performed at 
Cornell with a double focusing magnetic analyser, and 
targets of polyethylene and carbon.* The Cornell group 
finds that the angular distribution at 200, 235, and 265 
Mev is peaked in the backward hemisphere in agreement 
with the data of Steinberger and Bishop. The cross 
section increases with energy in this region. 

The behavior of the photopion production near 
threshold is of considerable interest, and has been 
extensively investigated at Illinois using photographic 
plates to detect positive mesons produced in a liquid 
hydrogen target.’ Measurements at low energies have 
also been made at CalTech using photographic plates” 
and at the Massachusetts Institute of Technology using 
counter techniques involving a r—yu—e decay detection 
scheme" and a r—y detection scheme.” 

When the present experiments were begun, in June, 
1953, we were especially interested in finding the be- 
havior of the angular distribution above 300 Mev. The 
suggestion” that there might be a resonant interaction 
between pion and nucleon in a P; state of isotopic spin 3 
was consistent with pion-nucleon scattering data, and 
could perhaps explain the marked peak in the photo- 
production of neutral pions at 90°, near 300 Mev." 


* White, Jacobson, and Schulz, Phys. Rev. 88, 836 (1952). 

7 Jarmie, Repp, and White, Phys. Rev. 91, 1023 (1953). 

* Jenkins, Luckey, Palfrey, and Wilson, Phys. Rev. 95, 179 
(1954). 

*G. Bernardini and E. L. Goldwasser, Phys 
(1954); Phys. Rev. 95, 857 (1954). 

” Vincent Peterson and I. George Henry, Phys. Rev. 96, 850 
(1954) 

" Goldschmidt-Clermont, Osborn, and Winston, Phys. Rev. 91, 
468 (1953) 

 G. S. Janes and W. L. Kraushaar, Phys. Rev. 93, 900 (1954). 

“%K. Brueckner, Phys. Rev. 86, 106 (1952). 

“ Walker, Oakley, and Tollestrup, Phys. Rev. 89, 1301 (1953). 
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Calculations of photoproduction based on this idea had 
already been given by Brueckner and Watson."* If such 
a resonant interaction exists, one might expect the 
forward-backward asymmetry in the photopion pro- 
duction, which must arise from an interference between 
even and odd states, presumably S and P, to change 
sign at energies above the resonance. We find that this 
does, in fact, occur, and that the total cross section falls 
off very rapidly at energies above 300 Mev as might be 
expected from the resonance idea. 


METHOD 


Since the photoproduction of a pion in hydrogen is a 
two-body process, a measurement of the energy and 
angle of the emitted meson determines uniquely the 
energy & of the photon producing the reaction 


y+ port+n. (1) 


This fortunately makes it possible to measure the cross 
section at a specific photon energy in spite of the con- 
tinuous bremsstrahlung spectrum from a synchrotron. 
The present experiment consists of counting the number 
of mesons produced at a given angle as a function of the 
meson energy, measured with a magnetic spectrometer. 
From the laws of conservation of energy and momentum, 
it is easy to find the following relation between the 
photon energy & and the pion momentum #,, and 
angle 6,. 
m,E,—4(m,?—m,?+m,’) 
k=——_—_ (2) 
m,— E,+p, cos, 


where m,, m,, and m, are the masses of pion, proton, 
and neutron, respectively,'* and E, = (p,’+m,’)! is the 
total energy of the pion. The range of photon energies, 
Ak, corresponding to the range of momentum, Af,, 
accepted by the spectrometer, may be found by 
multiplying Ap, by the factor, 


Ok p,(m,+k)—kE, cosd, 
fiscal : (3) 
Op, E,(m,—E,+ ), cos6,) 


The differential cross section o(@) is related to the ob- 
served counts C per standard beam monitor reading 
through the formula 


C(k)=a(@)AQN (R)ARNGR(R), (4) 


where AQ is the solid angle accepted by the spectrome- 
ter. V(k)Ak is the number of photons of mean energy 
within an energy interval Ag in the Bremsstrahlung 
beam. This number is known from an absolute beam 
calibration to be discussed later. Vy is the number of 
target hydrogen atoms per cm*. R(k&) is a correction 
factor for the effect of decay of the pions before reaching 
the counters. It will be discussed in a later section. The 


46K. Brueckner and K. M. Watson, Phys. Rev. 86, 923 (1952). 
* A positive pion mass of 139.6 Mev/c? was used in the calcu- 
lations. 
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Fic. 1. Diagram of the magnetic spectrometer and the gas target. 


preliminary reports of the present data'’ made use of a 
rough calculation of the decay correction, and differ a 
little from the final results reported here. 

The values of k and Ak obtained from the simple 
formulas (2) and (3) have been corrected for energy loss 
of the pions in the walls of the target, as will be discussed 
in the next section. 


APPARATUS 


The experimental arrangement is shown in Fig. 1. The 
photopions are produced in a high-pressure hydrogen 
gas target located about 8 meters from the internal 
synchrotron target. The beam is collimated to 3.8 cm in 
diameter at the target by a primary lead collimator 
which is backed up by successively larger holes in two 
other lead collimators, the final one located immediately 
in front of the target. The hydrogen gas is contained at 
about 2000 psi in a bomb 2 inches in diameter and 17 
inches long with 0.030-inch steel walls. This is connected 
to a liquid nitrogen reservoir, and surrounded by about 
1.5 inches of styrafoam insulation, so that the hydrogen 
can be cooled to about 95°K, resulting in a typical gas 
density of 0.030 g cm™. 

The density is obtained from a pressure measurement 
accurate to about one percent, and a temperature 
measurement of approximate accuracy three percent. 
The temperature is read at the two ends of the bomb 
with thermocouples, the reference junction being in the 
liquid nitrogen reservoir, at the temperature 77°K. 

The thicknesses of the steel target walls, the styrafoam 
insulation, and the air path between target and magnet 
are not negligible in stopping power for the mesons. 
Thus a small correction must be made for energy loss of 
the pions before they enter the magnet. This correction 
shifts the photon energy & calculated from formula 2 by 
4 to 12 Mev, depending on the meson angle and energy. 
This energy loss also influences the momentum range 
Ap, accepted by the spectrometer, and thus the photon 
interval Ak. The resulting correction to the cross section 
amounts to only 1 to 3 percent in general, but becomes 
as high as 12 percent at lowest energies. 


Walker, Teasdale, and Peterson, Phys. Rev. 92, 1090(A) 
(1953). 
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The energy analysis of the pions emitted at a given 
angle is made with a conventional magnetic analyser 
having wedge-shaped pole pieces as shown in Fig. 1. Two 
geometrical arrangements were used, one capable of 
measuring higher energy mesons than the other. The 
“short-focus” arrangement (shown in Fig. 1) has a focal 
distance (from the edge of the pole piece to the focal 
point) of 170 cm and a radius of curvature of 72 cm. 
This is suitable for measuring mesons of energies up to 
200 Mev, using the maximum magnetic field of 15 000 
gauss. A second “long-focus” arrangement has a focal 
distance of 254 cm, a radius of curvature of 98 cm, and 
can be used for meson energies up to 300 Mev. Neither 
arrangement is double focusing although in both some 
“focusing” in the vertical direction occurs in the fringe 
field of the magnet." 

The fringe field has been measured as a function of 
distance from the pole tip edge, and its effect on the path 
of the particles is included in the relation between par- 
ticle momentum and magnetic field. The field was 
calibrated as a function of magnet current by means of a 
proton resonance magnetometer. 

The counters are high enough for the short-focus 
arrangement to cover the full vertical height of the 
“image” as limited by a three-inch vertical aperture at 
the magnet entrance. This is not quite true for the long- 
focus arrangement. Thus, a correction to the solid angles 
for the long-focus measurements was made for the pions 
missing the counters above or below. This correction of 
6+3 percent was determined experimentally by count- 
ing protons from the target with the normal 3-inch 
magnet aperture and with an aperture decreased to 2 
inches, for which the counters are definitely high enough. 

The momentum resolution of the spectrometer is de- 
termined mainly by the width of the counters which is 9 
inches. This gives a momentum range Ap accepted of 
approximately Ap= (0.090)p for both long- and short- 
focus arrangements. The solid angle of acceptance is 
determined by the lead aperture at the magnet entrance. 
It varied from 0.002 to 0.011 steradian in the present 
experiments. The effective length of target seen by the 
spectrometer is defined by tungsten lined slits placed at 
the focal point of the magnet and as near to the target as 
possible. These slits, and the edges of the magnet 
aperture were tapered to minimize the uncertainties 
arising from slit penetration. 

Mesons are counted by two large scintillation counters 
in coincidence. Each is a liquid scintillation cell of 
dimensions 6X9X1 inches, viewed by two RCA 5819 
photomultipliers connected to the two ends of the cell by 
short Lucite light pipes. These counters are enclosed in 
lead shielding 4 inches thick on all sides, and additional 
lead shielding is placed along the sides of almost the 
entire meson path as shown in Fig. 1. 

It was appreciated too late, unfortunately, that some 

8 See for example E. Segré, Experimental Nuclear Physics (John 
Wiley and Sons, Inc., New York, 1953), Chapter by K. T. 
Bainbridge, pp. 576 ff. 
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Fic. 2. Pulse-height spectra from the front counter, showing the 
pion peak. Background, as measured with the magnetic field of the 
spectrometer reversed, is shown by the cross-hatched areas. The 
two spectra are chosen from among the best and the worst obtained 
during the experiment 


mesons which scatter from this shielding pass through 
the counters, so a 10 percent correction must be made 
for this scattering. The experimental information for 
this correction is given in item C3 under “Errors.” 

Pulses from the two counters are amplified with 
amplifiers having rise times of about 0.07 usec and delay 
line clippers giving pulses about 0.5 usec long. These 
trigger pulse shaping circuits which form the inputs to a 
coincidence circuit with resolving time of 0.1 usec. The 
coincidence circuit output is used to gate an 8-channel 
pulse-height analyzer which measures the pulse-height 
in the front counter. This is helpful in separating counts 
caused by mesons from background counts. Sample 
pulse-height spectra are shown in Fig. 2, the two curves 
having been chosen from the best and worst obtained 
during the experiment. This pulse-height analysis can be 
used at low energies to help distinguish mesons from 
electrons. Chance coincidence counts are monitored by a 
duplicate coincidence circuit having a 1-wsec delay in 
one input. The chance coincidences were 1 to 6 percent 
of the true counts in general, but in some cases became 
as high as 15 percent. 


IDENTIFICATION OF PIONS 


The magnet directs all particles having the appro- 
priate momentum into the counters, and it is necessary 
to count from these only the number of pions, or in 
practice, pions plus decay muons. Discrimination against 
protons is very simple since protons of the same momenta 
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as the pions observed in these experiments have very 
much smaller ranges than the pions. Thus a small 
thickness of lead absorber between the two counters 
prevents any coincidences from protons. Discrimination 
against positrons is more difficult, except at the lowest 
energies, where the ionization of pions in the first 
counter is appreciably above minimum, so that the pion 
pulse height peak is shifted above that of electrons. 
However, since one may expect the numbers of high- 
energy electrons and positrons to be about equal, it is 
easy to subtract the positron background by making a 
measurement with the magnetic field reversed. Fortu- 
nately, these negative field backgrounds were not high 
for most of the measurements, although they become 
large at the extreme angles. The magnitude of these 
backgrounds is given in Table I. At 12.5° no slits could 
be used at the target so the ends of the bomb were in 
view of the magnet, and the electron background was 
quite serious. The electron counts could be reduced to 25 
to 50 percent for the high-energy points by using 5 cm of 
lead absorber between the two counters. For the lower 
energies where the mesons could not safely penetrate 
this thickness of absorber, no measurements could be 
made. 

Incidentally, the procedure of subtracting electron 
backgrounds taken with the magnetic field reversed also 
eliminates counts which might arise from the possible 
production of positive and negative pion pairs. This 
experiment measures the cross section for single pion 
production. 

The number of high-energy electrons emitted from 
the hydrogen target at angles of 30° or more is small, of 
course, because the usual shower processes of pair 
production, bremsstrahlung, Compton scattering, and 
electron scattering, occur at very small angles in hydro- 
gen. In fact, it seems likely that most of the electrons 
which we do observe at the central angles originate 
from x° decay photons converted in the target wall or 
elsewhere. 

As a test of the fact that the counts observed are 
actually caused by mesons, we measured the absorption 
curve in lead for the particles being counted (with the 
electron background subtracted). One such range curve 
is reproduced in Fig. 3. This shows that most of the 
particles have the range corresponding to pions, al- 


Taste I. Negative field backgrounds 


Negative field counting rate/*s* counting rate 


Lab angle Low-energy region Central energies High energies 
12.5° L.F.* 1.0 -2.0 0.5 -08 0.23-0.4 
x” S.F 04 -0.6 0.07-0.4 0.04-0.07 
ew” LF 0.30-2.0 0.13-0.30 0.18-0.27 
51° SF 0.10-0.26 0.04-0.10 0.04-0.06 
: bates A 0.06-0.13 0.04-0.10 0.07-0.10 
3° SF 0.09-0.17 0.04-0.06 0.04-0.05 
104° SF 0.03-0.06 0.02-0.04 0.03-0.10 
140° S.F 0.15-0.46 0.10-0.30 0.30-0.36 
180° S.F 1.0 -1.6 


1.3 2.7 -3.4 


* L.F. and S.F. indicate long- and short-focus arrangements, respectively. 
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Fic. 3. Range curve for the particles observed at 73° with mo 
mentum corresponding to 90-Mev pions. The tail is probably due 
to muons from *—, decay in flight. The curve marked u indicates 
the fraction of counts expected to come from muons according to 
the calculations made for the decay correction. The pion counting 
rate has been corrected for nuclear absorption in the lead absorber 


though a tail of longer-range particles is present. This 
tail is expected since we have no good way to separate 
decay muons from the pions. Corrections for r~u decay 
involve a calculation of the number of muons counted 
compared to the number of pions. The height of the 
dashed curve marked y in Fig. 3 is taken from these 
decay correction calculations, which are described in a 
later section. 

The range curve of Fig. 3 has been corrected for 
nuclear absorption of the pions in the lead absorber. In 
fact, all the data taken for the cross-section measure- 
ments have been corrected for nuclear absorption in the 
target walls, in the front counter, and in the lead 
absorber (if any) between the two counters. The ab- 
sorption cross sections assumed were “geometrical,”’ 
corresponding to a mean free path of 160 g cm™ of lead, 
for example. This nuclear absorption correction factor 
amounts to 0.95 to 0.90 in most of the present measure- 
ments, but is 0.62 for the 12.5° data. 


INCIDENT PHOTON SPECTRUM 


To obtain the absolute differential cross section from 
the number of counts observed, one must know the 
number of photons in the collimated beam per unit 
energy range at energy k. This number, the V(k) of 
Eq. (4), is normalized to a standard beam monitor 
reading, as are the observed counts, C. The beam 
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Fic. 4. Excitation curves at laboratory angles 12.5° and 180°, 
taken with the long-focus arrangement (crosses) and short-focus 
arrangement (circles), respectively. The differential cross section 
in the laboratory system is plotted as a function of photon energy 
The resolution functions shown at the bottom are approximately 
correct for both sets of data 


monitor is an air ionization chamber similar to the one 
designed at Cornell, with one-inch-thick copper walls in 
which a shower is generated, the shower maximum 
falling approximately at the ion collection region. The 
ionization charge produced by the beam is integrated by 
a circuit which is similar to those described by Lewis and 
Collinge” and by Littauer. The charge collected from 
this chamber is very nearly proportional to the total 
energy in the synchrotron beam, independent of the 
synchrotron energy. (The constant of proportionality is 
10 or 12 percent less at 500 Mev than at 300.) In addi- 
tion to this feature, the thick walls of the chamber make 
it insensitive to its nearby surroundings. For example, 
the reading is very little affected by stacks of lead 
behind or at the sides of the chamber. 

The calibration of the synchrotron beam, i.e., the 
measurement of the total energy in the beam corre- 
sponding to a given charge collected from this ion 
chamber, has been made by two methods in this labora- 
tory. One measure of the total energy 
liberated in a shower produced in aluminum, by a 
method similar to that of Blocker, Kenney, and 
Panofsky.“ This was done by J. C. Keck. The other 
consisted of measuring the photon spectrum .V(&) with a 

“1. A. D. Lewis and B. Collinge, Rev. Sci. Instr. 24, 1113 
(1953). 


® Raphael Littauer, Rev. Sci. Instr. 25, 148 (1954). 
™ Blocker, Kenney, and Panofsky, Phys. Rev. 79, 419 (1950). 


involves a 
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pair spectrometer whose absolute efficiency is known. 
These measurements will be described elsewhere.” The 
shape of the photon spectrum observed with the pair 
spectrometer agrees with the theoretical Bremsstrahlung 
shape within the experimental accuracy of three or four 
percent. Each of the two beam calibration methods has 
an estimated accuracy of about 5 percent, but the 
results disagree unfortunately by 15 percent. The pair 
spectrometer calibration gives Q=4.75X10'* Mev 
coulomb. The shower method gives 0= 4.12 10'*. Thus 
until further work is done to clear up this discrepancy, 
we use 0=4.44X10'* Mev per coulomb at STP for 
these experiments.” 

The photon spectrum V(&) near the upper end, i.e., 
near the synchrotron energy, Eo, depends on how the 
electron beam of the synchrotron is “spilled out.” In 
these counter experiments, the beam was spread out for 
about 15 milliseconds at the peak of the magnetic field, 
giving a duty cycle of 0.015. This results in a spread of 
electron energies of about 15 Mev, and a resulting 
region of uncertainty at the upper end of the spectrum. 
From the pair spectrometer measurements, taken under 
these same conditions, we conclude that measurements 
at energies 450 Mev or below, with resolution similar to 
that of the present experiments, are not influenced by 
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Fic. 5. Excitation curve at laboratory angle 30°. The points 
shown by crosses in this data and in the 51° data of Fig. 6 were 
obtained with the long-focus arrangement. The points indicated by 
circles in all the excitation curves were obtained with the short- 
focus arrangement 


* D. H. Cooper, thesis, California Institute of Technology, 1954 
(unpublished). 

"™ This corresponds to 3.91 10"* Mev/coulomb at 300 Mev, 
compared to the Cornell calibration of 3.71 10"*. For this reason 
alone, our cross sections would be 5 percent lower than those 
measured at Cornell (and Illinois). 














the uncertainties of the upper end of the bremsstrahlung 
spectrum. The synchrotron energy Ey as measured with 
the pair spectrometer is 500 to 505 Mev. 


180° DATA 


Some relatively uncertain measurements were made 
at a meson angle of 180°, and since the conditions 
applying to these measurements are somewhat special, 
they are described in this section. Obviously the photon 
beam must pass through the spectrometer magnet be- 
fore hitting the target so that background troubles are 
apt to become serious. 

This background was reduced as much as possible by 
appropriate lead shielding, and by evacuating the mag- 
netic field region of the spectrometer. The beam entered 
and left this region through long evacuated tubes capped 
with thin aluminum windows. Even with these precau- 
tions, the backgrounds were as high or higher than the 
meson counting rates. Furthermore, if mesons were to 
come through the cylindrical target wall at a very small 
angle, the effective wall thickness would be quite large. 
Thus, the magnet entrance aperture was reduced to 8.4 
cm in diameter so that only mesons coming through the 
hemispherical end cap of the target would be accepted. 
Nevertheless, this geometry makes the measurement 
rather sensitive to scattering effects in the bomb walls. 
Fragmentary calculations of a portion of these scattering 
effects have been made and gave no corrections for this 
portion. However, it seems likely that the scattering 
effects would increase the flux of pions out of the ends of 
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Fic. 6. Excitation curves at laboratory angles 51° and 104°. The 
resolution curves are for the 51° data. ‘Those for the 104° data are 
approximately 15 percent wider at low energy and 50 percent 
wider at high energy. 
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Fic. 7. Excitation curves at laboratory angles 73° and 140°. The 
resolution curves are for the 73° data. Those for the 140° data are 
approximately 25 percent narrower. 


the target, and thus give cross sections that are too high 
since no corrections have been made. A somewhat 
arbitrary error of +10, —20 percent has been assigned 
for this effect. Thus, the 180° cross sections are probably 
good as upper limits, but they have not been included in 
the least squares fits of the angular distributions. Good 
measurements at 180° could probably be made using a 
liquid hydrogen target. 


RESULTS 


The differential cross section as a function of energy 
at each of the laboratory angles measured, is shown in 
Figs. 4, 5, 6, and 7. These cross sections are calculated, 
using relation 4, from the observed counting rates after 
making the various corrections already mentioned. 

The data of Figs. 4 to 7 have been analyzed to obtain 
angular distributions in the center of momentum system 
at energies from 200 to 470 Mev, in 30 Mev intervals. 
These angular distributions are shown in Figs. 8, 9, and 
10. The points shown are simply the cross sections taken 
from the solid curves of Figs. 4 to 7, converted to the 
center of momentum system and plotted at the center of 
momentum angle. The errors include both random 
statistical errors and systematic errors which affect the 
shape of the angular distributions. 

The solid curves of Figs. 8, 9, and 10 are derived from 
a least-squares fit of the data to the form 


a(6)= A+B cos8+C cos’. (5) 


The values of the coefficients A, B, and C thus obtained 
are given in Fig. 11. The most striking feature of the 
angular distributions is the shift from a backward 
maximum at low energies to a forward maximum at high 
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Fic. 8. Angular distributions. The differential cross section in 
the center of momentum system is given as a function of the c.m. 
pion angle for incident photon energies 200, 230, 260, and 290 Mev 
in the laboratory. The errors on the points represent both the 
random statistical errors, and those systematic errors which affect 
the shape of the angular distribution. The solid curves are obtained 
from least squares fits of the angular distributions to the form 
«(0)=A+B cosé+C cos” 


energies. This is described, of course, by the coefficient 
B changing sign near 340 Mev. 
The total cross section, 


o=4r(A+C/3), (6) 


is given in Table II. The total cross section divided by 
the square of the incident photon wavelength \ in the 
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Fic. 9. Angular distributions at incident photon energies 320, 
350, and 380 Mev. 
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c.m. system is shown as a function of the photon energy 
in Fig. 12. 


DECAY CORRECTIONS 


The distance between the target and counters in the 
magnetic spectrometer is long, so that the pions have an 
appreciable probability of decaying before reaching the 
counters. If one assumes the mean life for r—y decay 
r= (2.55+0.11) XK 10-* sec,*-** it is a simple matter to 
calculate the fraction of pions which arrive at the 
counters before decay. This is plotted as the curves 
marked R, in Figs. 13 and 14. If a pion decays before 
reaching the counters, the decay muon may still pass 
through the two counters and be recorded. Furthermore, 
the counters will be traversed by some muons from the 
decay of pions which themselves would not have been 
counted, either because they have the wrong energy or 
direction of emission from the target. Since our counters 
cannot in general tell the difference between pions and 
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Fic. 10. Angular distributions at incident photon energies 410, 
440, and 470 Mev 


muons, it is necessary to add to R, the fraction R, of 
counts which come from decay muons, in order to 
obtain the decay correction factor, R(k), of Eq. (4). A 
considerable effort has been spent calculating this cor- 
rection factor, and we believe that it is accurate in 
general to about 5 to 7 percent. Since a description of the 
details of the method used for these calculations would 
be rather lengthy, and not of general interest,”’ only the 
results will be given, namely, Figs. 13 and 14. The 
calculations involve a computation of the number of 
muons which get into the counters from decays at 
various distances along the particle trajectory through 
the spectrometer. This takes into account the spectrum 
of pions at the angle of the spectrometer, (this spectrum 
is obtained from the measurements, using a preliminary 

™ Jacobson, Schulz, and Steinberger, Phys. Rev. 81, 894 (1951). 

%* C. E. Wiegand, Phys. Rev. 83, 1085 (1951). 

* Durbin, Loar, and Havens, Phys. Rev. 88, 179 (1952). 


* A description of the procedure used in these calculations is 
available for those interested. 
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value for the decay corrections); the r—y decay dy- 
namics, both in energy and angle; geometrical proper- 
ties of the spectrometer; and the fact that the muons 
will not count if their range is too small to get into the 
second counter. Fortunately, the decay position making 
the greatest contribution to the muon counting rate is at 
the source, where the calculation is both simple and 
accurate, involving simply a conversion of the observed 
pion spectrum to a spectrum of decay muons. 


ERRORS 


The errors have been classified into three types: (All 
errors quoted are intended to be standard statistical 
errors). 

(A) Errors in the absolute cross section which are inde- 
pendent of meson energy and angle. 


(1) Beam calibration: 7 percent. 

(2) Average He gas density: 3 percent. 

(3) Part of the r—y decay correction, R: 4 percent. 

(4) Part of the correction for scattering from the lead 
shielding: 4 percent. 

(5) Error in the momentum range, Ap, accepted by 
the spectrometer: 2 percent. 


TABLE IT. Total cross sections in units 10™” cm?*. The errors are 
obtained from the least-squares fits of the angular distributions. 
Errors of type A are not included. 


320 
192+5 


k (Mev) = 200 230 260 290 
o(ub) = 8947 133+6 17545 204+5 


470 
68+3 


410 
102+3 


440) 
8443 


k (Mev) =350 380 
o(ub) = 15845 125+4 


The resulting over-all error in absolute values of the 
cross sections is about 10 percent. 

(B) Random stalistical errors which fluctuate from 
point to point. These are indicated as errors on the 
individual points in the excitation curves of Figs. 4, 5, 6, 
and 7. They are mainly counting errors arising from the 
limited numbers of counts, and from uncertainty in the 
determination of upper and lower limits for the meson 
peaks such as shown in Fig. 2. However, included in 
these random errors are the effects of those variations 
in the temperature of the ion chamber monitor, the 
target gas density, and the synchrotron energy, which 
could not be corrected. 

(C) Systematic errors which vary smoothly from point 
to point on an excitation curve or angular distribution. 
These are indicated on the excitation curves by dashed 
curves on either side of the solid one. These errors 
include the following: 

(1) Part of the r—, decay correction error: 2 to 6 
percent (typically 4 percent). 

(2) Error in the nuclear absorption cross section: 10 
percent of the absorption cross section. This amounts to 
an error in the correction factor of 1 to 2 percent except 


- 
- 


for the 12.5° data where it is 5 percent. 
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Fic. 11. Coefficients A, B, and C obtained by a least-squares fit 
of the angular distribution to the form ¢(@)= A+B cos#+C cos#. 
The dashed curves give the “average” experimental coefficients of 
Table III, taking into account all the data shown in Fig. 15. 


(3) Error in the correction for scattering from the 
lead shielding: 3 percent. This correction was measured 
experimentally at 6,=49° by taking data with the lead 
shielding very far apart and comparing to the counts 
obtained with the shielding normal. This gave the 
following results for this scattering correction: 


k= 200 Mev: 1.092+4-0.070, 

k= 300 Mev: 1.089-+0.029, 

k=400 Mev: 1.126+0.024. 
This shows no definite or sensible variation with energy, 
so a uniform correction of 10 percent has been applied to 
all the data. 


(4) Slit penetration errors: 1 to 2 percent. 
(5) Uncertainties in the angle 6,(+1°) and in meson 
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Fic. 12. The total cross section # divided by 4°. 2rk is the c.m. 
photon wavelength. 
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the beam monitor and the hydrogen target gas density. 
(The two sets of data were taken simultaneously, using 
the same target.) Furthermore, the two experiments 
have different difficulties in general. For example, the 
effects of r—yu decay are large for the magnet experi- 
ment, especially at low energies, but are quite unim- 
portant for the telescope experiment. On the other hand, 
corrections for nuclear absorption in the stopping 
material become large for the telescope data, especially 
at high energies, but are not very important for the 
magnet data. 

The data obtained by the two methods agree well in 
their general features, but differ some in detail. At low 


| fa BEFORE MAGNET energies, the magnet data are low compared to the 
Pi--- BEYOND MAGNET telescope data in the forward direction, and high in the 
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Fic. 13. Decay corrections for data obtained with the short-focus 
arrangement. See section on decay corrections 


momentum (+1 percent) as they affect the cross 
section: 1 to 3 percent. 

(6) Uncertainty in solid angle because the counters 
are not sufficiently high: 3 percent for long-focus 
measurements only. 





COMPARISON WITH OTHER EXPERIMENTS 


An experiment described in an accompanying paper 
has been done in this laboratory** by using a counter 
telescope to measure these same cross sections. These 
two experiments are completely independent except for 
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Fic. 15. Comparison with other experiments. The solid curves 
are reproduced from Fig. 11 for the present experiment. The 
dashed curves are the corresponding ones from the telescope data 
of Tollestrup, Keck, and Worlock. The Cornell data of Jenkins, 
Luckey, Palfrey, and Wilson (see reference 8) are shown by the 
circle points; and the Illinois data of Bernardini and Goldwasser 
(see reference 9) are shown by the crosses and solid curve for A at 
low energies. 


backward direction. At high energies, the magnet data 
are considerably higher in the forward direction. These 
differences result in a smaller coefficient B of the cos@ 
term in the angular distribution for the telescope data 
aime than for the magnet data. This may be seen in Fig. 15, 
S——BEFORE MAGNET where the curves of Fig. 11 giving the coefficients A, B, 
RP areas and C are reproduced together with the corresponding 
curves from the telescope experiment. 
The data of Jenkins, Luckey, Palfrey, and Wilson® at 
00 40 #80 220 20 SO 340 MO 40 460 Cornell are also compared to the present data in Fig. 15 
on MOMENTUM, SEY by giving the coefficients A, B, and C from the Cornell 
Fic. 14. Decay corrections for data obtained with the long experiment. The agreement with the present data is 
focus arrangement. reasonably good. 
* Tollestrup, Keck, and Worlock, following paper [Phys. Rev ; The low-energy 90° een anager" of Bernardini and 
99, 220 (1955) } Goldwasser® are also shown in Fig. 15. These were ob- 
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tained with the Illinois betatron by using photographic 
plate detection and a liquid hydrogen target. These data 
fit rather well onto the coefficient A of the present 
experiment. 

For use in comparison with theory, we have tried to 
draw an average experimental curve for all the data 
shown in Fig. 15, for each of the three coefficients. The 
curve for A follows the values of Bernardini and 
Goldwasser at low energy, then the average of the 
CalTech magnet and telescope data at high energy. The 
curves for B and C are essentially the average of the 
magnet and telescope data. All three curves are given an 
energy dependence at threshold expected theoretically, 
i.e., approximately (k—k»)*, (k—ko), and (k—ko)! for 
A, B, and C, respectively. ko is the threshold photon 
energy 151 Mev. These curves are shown in Fig. 11 by 
dashed curves, and values of the average A, B, and C 
are given in Table III at 30-Mev intervals. 


INTERPRETATION 


Several more or less phenomenologica! descriptions of 
pion photoproduction have been given.'**-* Most of 
these relate the photoproduction to pion nucleon scat- 
tering since the pion-nucleon interaction plays a domi- 
nant role. Chew" has used a cutoff form of meson theory 
to calculate the photoproduction as well as the scat- 
tering. The most satisfactory theory at present for 
comparison with experiment is the phenomenological 
one of Gell-Mann and Watson, as extended recently by 
Watson.™ This (and also the other theories) gives a 
description in terms of photoproduction into states of 
definite angular momentum and isotopic spin. Thus a 
full comparison with experiment must treat the produc- 
tion of charged and neutral pions together. Such an 
analysis is being prepared in collaboration with K. M. 
Watson, so not much analysis of the positive pion cross 
sections will be given here. However, it seems clear that 
the most striking features of the data may be explained 
by the idea of a resonance” ’® in the pion nucleon 
interaction in the state of angular momentum and 
isotopic spin ‘. 


* B. T. Feld, Phys. Rev. 89, 330 (1953). 

™ M. Ross, Phys. Rev. 94, 454 (1954). 

® Geoffrey F. Chew, Phys. Rev. 95, 1669 (1954). 

= K. M. Watson, Phys. Rev. 95, 228 (1954). 

% M. Gell-Mann and K. M. Watson, Ann. Rev. Nuc. Sci. 4, 219 
(1954). 

* K. M. Watson, Lectures at California Institute of Technology 
during the summer, 1954 (unpublished). 
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Taste III. Average experimental values of the coefficients A, B, 
and C in the center-of-momentum angular distribution : #(@) = A 
+B cosé+C cos. These averages include all the data shown in 
Fig. 15, from CalTech, Cornell, and Illinois. The errors are esti- 
mates based on the accuracy of individual experiments and on the 
degree of consistency among different experiments. Since these 
values of A, B, and C have been taken from smooth curves, the 
values at neighboring energies are correlated, and the errors indi- 
cate merely the estimated accuracy of the coefficients in this 
energy region. 


B 


(units 10-* cm*/sterad) 


k 
(Mev) 
170 Mev 
200 
230 


—3.3+1.6 
—5.7+1.0 
—74+1.0 
—7.9+0.9 
—7.2+0.9 
—5.4+0.9 
—3.0+0.7 
—0.8+0.8 
+-0.40.8 
+1.0+0.8 


—18+1.0 
—3.0+0.9 
—4.3+1.0 
—3.8+1.2 
—11+0.9 
+1.1+0.6 
+-2.5+0.6 
+3.2+0.8 
+3.5+0.7 


47403 43.7406 


One of these features is, of course, the rapid decrease 
in the cross section above 320 Mev, appreciably faster 
than A*. The other is the change in the angular distribu- 
tion from a backward maximum at low energies to a 
forward maximum at high energies. In a simple ‘‘reso- 
nance” theory® the coefficient B of the cos#@ term con- 
tains a factor [ cos(a33—a3)+2 cos(as3—a;) |, where ass, 
a3, and a, are the phase shifts for pion nucleon scattering 
in the 7=J =} p-state, and the two s-states of isotopic 
spin 7= } and T=}, respectively. According to the 
choice of phase shifts made by Bethe and de Hoffmann,‘ 
in which a resonance is indicated by as; going through 
90°, the above factor changes sign at about 340 Mev. 
This agrees very well with the energy at which our 
coefficient B goes through zero. 
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The excitation functions for positive pion production from hydrogen have been obtained in the energy 
region from 230 Mev to 450 Mev and at laboratory pion angles of 24°, 38°, 53°, 73°, 93°, 115°, 140°, and 160°. 
The pions are detected and identified by measuring their range and ionization in a scintillation counter 
telescope. The above data are analyzed to give the angular distributions in the center-of-momentum system, 
and a least-squares analysis made to determine coefficients in ¢(@) = A+B cosé+C cos*#. The total cross 
section shows a peak at 300 Mev of magnitude 2.20 10-* cm*. The coefficient B passes through a maximum 
negative value at 250 Mev and then passes through zero at 325 Mev and remains positive up to the highest 


energy measured. 





L_ INTRODUCTION 


HE operation of the CalTech synchrotron has 
made it possible to obtain data on the photo- 
production of positive mesons from hydrogen in the 
energy region from 200 Mev to 500 Mev and thus con- 
siderably extend the region over which the cross section 
has been measured. The measurements reported here 
consist of excitation curves at pion angles of 24°, 38°, 
3°, 73°, 93°, 115°, 138°, 160° in the laboratory system 
and from these curves the angular distributions in the 
c.m, system at photon energies of 230, 260, 290, 320, 
350, 380, 410, 440, and 470 Mev are derived. Previous 
measurements of this process' have been done at 300 
Mev and below and have left undecided the question 
as to whether or not the T=}, J=§ state plays a 
predominant role in the photoproduction as predicted 
by strong coupling theory.” 

At the time this experimental program was under- 
taken it was realized that it would be possible to per- 
form the measurements by either of two methods. In 
both methods the incident photon energy must be 
calculated from a knowledge of the pion energy and the 
dynamics of the reaction studied. This energy can be 
inferred either by measuring the pion range in a scintil- 
lation counter telescope or by measuring the pion 
momentum by means of deflecting magnets.’ The second 
method is described in the preceding paper and is 
hereafter referred to as the “magnet method.” These 
two techniques are subject to quite different systematic 
errors and tend to complement each other. For instance, 
the magnet method at low energies required corrections 
for slit edge scattering and penetration and also rather 
large decay corrections due to the long flight path 
traversed by the mesons. The telescope was subject to 
these effects only to a very limited extent, and at low 





* This work was supported in part by the U. S. Atomic Energy 
Commission. 

' J. Steinberger and A. S. Bishop, Phys. Rev. 86, 171 (1952); 
White, Jacobson, and Shalz, Phys. Rev. 88, 836 (1952); Jarmie, 
Repp, and White, Phys. Rev. 91, 1023 (1953); Jenkins, Luckey 
Palfrey, and Wilson, Phys. Rev. 95, 179 (1954) ; White, Jakobson, 
and Repp, Bull. Am. Phys. Soc. 29, No. 8, 21 (1954). 

*K ‘ede and K. M. Watson, Phys. Rev. 86, 928 (1952) 

* Walker, Teasdale, Peterson, and Vette, preceding paper 
[Phys. Rev. 99, 210 (1955) }. 


energies all of the corrections to the data were small 
and amenable to exact calculation. However, at high 
energy the telescope method suffers from rather big 
corrections due to the large interaction of the pions 
with the material in which their range is being measured. 
The final results of the two experiments do not agree in 
complete detail, and tend to indicate that undetected 
systematic errors still exist in either or both of the 
experiments. These details will be discussed further at 
the end of the paper. On the other hand, the agreement 
between the experiments is such that no doubt is left 
about the over-all behavior of the process and a good 
comparison with existing theories is possible. 


Il. EXPERIMENTAL METHOD 
(a) Collimation 


The bremsstrahlung beam from an internal 0.016-in. 
thick strip of copper is first collimated by a }-in. hole 
in a 12-in. thick lead block located 12 ft from the copper 
target. This primary collimation is followed by two 
secondary collimators which are of sych a size and 
aligned in such a way that they do not intercept the 
direct beam. One of these secondary collimators is 
located in a concrete wall which shields the experi- 
mental area from the machine and the final one is just 
in front of the high pressure hydrogen target and 
arranged so as to shield the walls of the steel target 
cylinder from x-rays, as shown in Fig. 1. The beam at 
the target is 1} in. in diameter. 


(b) Target 


The high-pressure hydrogen target is a steel cylinder 
17 in. long by 2 in. in diameter which is filled with gas 
to a pressure of 2000 Ib and cooled to a liquid nitrogen 
temperature. The walls of the target, through which 
the mesons had to pass, consisted of 0.030 in. of steel 
and 1} in. styrofoam insulation. The loss of energy 
experienced by the mesons in passing through the gas 
and the target wall was taken into account when com- 
puting the range of the meson. The temperature was 
measured at the two ends of the target by means of 
thermocouples and the average value was used in com- 
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puting the density.‘ Generally, a value of about 0.03 
g/cm’ was obtained with an accuracy of +3 percent. 


(c) Monitor 


The monitor was a thick ionization chamber and the 
problem of its calibration is described in reference 3. 


(d) Detector 


The bremsstrahlung beam striking the hydrogen 
target produced a cylindrical source of mesons. The 
detector first had to identify the particle counted as a 
meson and secondly define its angle and energy in 
order that the energy of the photon producing the 
meson could be calculated from the dynamics of the 
reaction. Figure 1 shows how this was accomplished. 
The four scintillation counters numbered from 1 to 4 
are connected in such a way that a particle producing a 
pulse simultaneously in C;, C2, C;, but not in C, has its 
pulse height measured in C2. A;, As, and A; are blocks 
of copper of adjustable thickness and hence only 
those particles were accepted which had a range 
between R=C,+4A,+C2+ A. and R+AR=C)4+414+C, 
+A2+C;+A;. The energy was then deduced from the 
range-energy curves for mesons in copper.’ The number 
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Fic. 1. Plan view of target and telescope. 


* Johnston, Bezman, Rubin, Swanson, Corak, and Rifkin, U. S. 
Atomic Energy Commission Report MDDC-850 (unpublished). 

* Aron, Hoffman, and Williams, U. S. Atomic Energy Commis- 
sion Report AECU-663 (unpublished). 
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Fic. 2. Kinematics of charged pion production. The shaded 
areas indicate resolution of the telescope at typical points. The 
width of a rectangle is the half-width of the telescope angular 
resolution function and the height is the pion energy interval 
accepted. 


of photons contributing to the reaction is then given by 


' Ok OE, 
N(y)=N(k)AR=N(k)- — mR, 


Ok, a 


(1) 


where \(k)=number of photons/Mev in the brems- 
strahlung spectrum. - 

The angular resolution function was triangular in 
shape with a width at half-maximum of A@=a//, where 
a was the width of counters C; and C; and / is their 
spacing. Thus 75 percent of the counts occur within 
this half-angle which in general was about 10°. Figure 2 
shows a summary of this information. The graph is one 
of the 7, vs 6, in the laboratory for various fixed photon 
energies. Since the telescope defines a AT’, and a Aé, as 
indicated above, rectangles AT, high by A@,/2 wide 
may be plotted on a 7,—0, graph representing the 
resolution of the telescope. A few representative rec- 
tangles are shown in Fig. 2 from which it may be seen 
that the photon energy interval accepted was 25 Mev 
or less. 

The number of mesons counted by the telescope per 
coulomb collected on the beam integrator is given by 
the expression 


da 
—d0Qdr, 


Qr dQ lab 


N,(@)=NuN(k)ak (2) 


where Ny is the number of hydrogen atoms per cm’, 
N (zk) is the number of photons of energy & per Mev per 
coulomb collected on the ion chamber, and the integral 
is over the coordinates describing the counter and the 
volume of the target. It is possible to carry this integral 
out exactly, but it has been found more convenient to 
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Fic. 3. Block diagram of electronics for 4-counter telescope 


use a series expansion: 


Nuyath V(k)Ak 
V,(0)= (1+a+---) 


da(@) ‘ 
A (3) 
le siné dia» 
Here a is the width of the counters C; and C;, A is the 
height of counter C;, c the distance from the center of 
C, to the point where the axis of the telescope inter- 
sects the beam axis, and / is the distance from C; to C3. 
The term a involves the squares of the ratios of beam 
radius, h, and a to the distance c. These terms have been 
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Fie. 4. Pulse-height spectrum from CH, target at lab angle of 90°, 
showing peaks due to electrons, mesons, and protons. 
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calculated and amount to 0.5 percent for @ equal to 
160° and are smaller at other angles. 

In the course of the experiment three different tele- 
scope arrangements were used. The first had the elec- 
tronics arranged as shown in a block diagram in Fig. 3. 
The counters are numbered as in Fig. 2. The pulses 
from counters C; and C; were put into a fast coincidence 
circuit with a resolving time of 10~* sec. These counters 
defined the solid angle and in addition the presence of 
C; made the telescope insensitive to y rays converted by 
the copper absorbers which were placed between C, 
and C>». If in addition to a fast coincidence between C 
and C; a slow coincidence was recorded between 
C, and C3, then the gate to the 20-channel pulse-height 
analyzer was opened and the pulse height in counter C, 
was recorded. A typical pulse-height spectrum from a 
CH, target is shown in Fig. 4 and it is seen that the 
three peaks representing electrons, mesons, and 
protons are easily resolved. Figure 5 shows typical 
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Fic. 5. Pulse-height spectra at pion lab angle of 73° and photon 
energies of 275, 325, and 375 Mev obtained with the 4-counter 
telescope. 


results obtained from the hydrogen target at 73° for 
three different photon energies. It is seen that in addi- 
tion to the x mesons, there is a peak due to electrons 
and a small peak due to protons. By varying absorbers 
A; and A; it was shown that the source of the proton 
peak was due to x mesons which made a star in absorber 
A, after triggering counter C;. A proton from this star 
would then trigger counters C, and Cs. 

The telescope could be triggered also by various 
accidental events. The most serious of these was caused 
by a meson which did not pass through C;, but did 
actuate C, and C; properly and was also accidentally 
coincident with a pulse in C;. To provide information for 
correction of this type of event, an accidental channel 
was constructed by sending the delayed pulses from C; 
through electronic circuits identical with those through 
which the nondelayed pulses traveled. The accidental 
channel was then aligned in such a way that it had the 
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same counting rate as the true channel when both 
channels received delayed pulses from C;. The con- 
tinuous monitoring of the accidental events not only 
provided the data for the necessary corrections, but 
also enabled one to adjust the experimental conditions 
such that the corrections never became large. 

At the forward angles of 24° and 38° the structure of 
the telescope was modified. At these angles C;, which 
must be biased to count minimum ionization particles, 
counted at an excessive rate due to electrons produced 
in the ends of the bomb and scattered into the tele- 
scope. Hence, counter C; was replaced by wolfram 
slits and these slits in conjunction with counter C; 
then defined the angular acceptance of the telescope. 
In addition, a r—yu decay scheme was constructed to 
help identify the mesons. The block diagram of the 




















Fic. 6. Block diagram of electronics in r—y decay detection 
scheme. Cable length in meters. HPB indicates a Hewlett Packard 
460-B amplifier 


electronics is shown in Fig. 6. It may be seen that a fast 
coincidence was required between counters C3 and C,. 
This coincidence pulse was then formed into a gate 
signal 0.1 ywsec in duration and delayed by about 
15 m usec and then put into coincidence with any de- 
layed pulse from counter C;. This, it should be noted, 
reduced the detection efficiency, since only the 4 mesons 
falling in the delay interval were detected. The copper 
absorber A; was removed and a special 1-in. thick 
counter built for C; which then defined the AR of the 
telescope. The output of this second fast coincidence 
circuit was then combined with the slower electronics 
to gate the pulse-height analyzer on counter C;. Thus, 
not only was a r— decay required, but the dE/dx of 
the particle was also measured in counter C2. Figure 7 
shows the pulse-height spectrum recorded in counter C3. 
The complete lack of peaks corresponding to electrons 
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Fic. 7. Pulse-height spectrum at pion lab angle of 73°, and 
photon energy of 300 Mev using r—, decay identification system 
Electrons would have fallen in the interval between 0 and 10 and 
protons between 20 and 25 on the pulse-height scale. 


or protons indicates the system was identifying 7 
mesons in a very satisfactory fashion. The efficiency of 
this system was then obtained by calibrating it against 
the previous telescope at 73° and 300 Mev. The statisti- 
cal accuracy of this calibration was (+3 percent). 

At 38° the excitation curve obtained with the r—yu 
telescope was 20 percent higher than with the other 
telescope at energies above 300 Mev and even higher 
than this at lower energies. A check at 53° did not 
display this effect and it is felt that here the counting 
rates were low enough so that the first telescope was 
operating properly. The counting rates obtained with 
the r—yu method were only about a sixth those that 
could have been obtained by the previous system be- 
cause of the small AR which the 1-in. liquid cell pre- 
sented and also because of the reduced efficiency of 
detecting the yu-decay pulse. This resulted in larger 
statistical errors in the data at these two angles. 

Finally, the 160° data were obtained at a consider- 
ably later time than the rest of the data. This was due 
in part to the necessity of turning the hydrogen target 
end for end in order to reach this extreme angle with 
the counters. In the meantime, the telescope was rebuilt 
with plastic scintillators in place of the previous liquid 
cells. When the telescope was reassembled, wolfram 
slits were placed in front of counter C,; and thus the 
slits and counter C; defined the angular acceptance of 
the telescope. The excitation curve was then run at 
160°, and as a check the 73°, 115°, and 140° curves were 
re-run. When the data were reduced, it was discovered 
that they produced results 20 percent higher than were 
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Fic. 8. Pulse-height spectra obtained at pion lab angle of 160° 
and photon energies of 275, 325, and 375 Mev. 
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Fic. 9. Laboratory cross section as function of incident photon 
energy at pion lab angles of 24° and 93°. 
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previously obtained. Calculations indicated that scat- 
tering and slit-edge penetration could account for only 
half of this effect. However, it was felt that there were 
other systematic errors in the absolute value of these 
data and consequently the data at 73°, 115°, and 140° 
were compared with the previous data to obtain a 
normalization factor for the 160° results. A least-square 
analysis was made to obtain the normalizing constant, 
and gave 0.820+0.013. The new data, when thus 
normalized and plotted, interlaced the old data nicely 
and showed no indication of systematic deviations in 
either energy or angle. Figure 8 shows typical pulse- 
height curves obtained in counter C, at 160° for three 
different photon energies. 


Ill. RESULTS 


The differential cross sections in the laboratory 
system vs photon energy obtained in the manner de- 
scribed above are shown in Figs. 9 through 12. The 
data at 38° and 24° are statistically not as accurate as 
the data at other angles because of the calibration re- 
quired by the r—y telescope and also because of the 
low counting rates obtained by the r—» method. 

Angular distributions in the center-of-mass system 
at 30-Mev intervals of photon energy were plotted from 
the excitation curves by using either the actual data 
or approximations to these data rather than the 
smoothed curves. These angular distributions were then 
fitted to the form 


da/dQ= A+B cos6+-C cos’, (4) 
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Fic. 10, Laboratory cross section as function of incident photon 
energy at pion lab angles of 73° and 140°. 
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by means of a least-squares analysis. The weighting of 
the input data in this analysis included both statistical 
errors plus estimates of those systematic errors that 
effect the relative values of the input data. The results 
of this analysis are shown in Figs. 13 to 15 where the 
solid curves are calculated from Eq. (4) using the least 
squares values for A, B, and C. A plot of these coeffi- 
cients versus energy is shown in Fig. 16 and their values 
at 30-Mev intervals are listed in Table I. The total 
cross section curve is shown in Fig. 17 as computed from 


o(k)=49r(A+C/3), (5) 
and values are listed in Table I. 
IV. DATA CORRECTION 
(a) Absorption Correction 


The largest correction to the data was due to absorp- 
tion of the x mesons in the copper stopping material 
of the telescope. For instance, at 73°, 300-Mev photon 
energy 32 percent of the incident mesons interacted in 
the copper before coming to rest and at 24°, 450-Mev 
photon energy this number increased to 77 percent. 
Although this correction is rather large, it can be 
accurately made if the value of the mean free path of 
mesons in copper is known. The measurement of the x~ 
interaction cross section in copper has been made at 
85 Mev’ as well as 113 and 137 Mev.’ Since the meas- 
urements all agree within the accuracy of the experi- 
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Fic. 11. Laboratory cross section as function of incident photon 
energy at pion lab angles of 53° and 115°. 


* Chedester, Isaacs, Sachs, and Steinberger, Phys. Rev. 82, 958 
(1951). 
7 R. L. Martin, Phys. Rev. 87, 1052 (1952). 
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Fic. i2, Laboratory cross section as function of incident photon 
energy at pion lab angles of 38° and 160°. 
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‘Fis. 13. Angular distribution curves in c.m. system for 230-, 
260-, and 290-Mev incident photon energies. Solid curves are the 
least-square fit. 
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Fic. 14. Angular distribution curves in c.m. system for 320-’ 


350-, and 380-Mev incident photon energies. Solid curves are the 
least-square fit 


ments, we have used a weighted average for the mean 
free path of 12.1 cm with an uncertainty of 5 percent. 
The maximum uncertainty in the absorption correction 
amounts to 7 percent at 24° and 450 Mev and is re- 
duced to 2.5 percent at 300 Mev and 73°. 


(b) Scattering in the Absorbers 


The effect of multiple scattering and shadow scatter- 
ing in the absorbers was calculated and a correction 
made to the data. This amounted to less than 3 percent. 
Scattering in the lead shielding surrounding the tele- 
scope was calculated and found to be negligible. Scat- 
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Fic. 15. Angular distribution curves in c.m. system for 410-, 
440-, and 470-Mev incident photon energies. Solid curves are the 
least-square fit. 
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tering corrections in the bomb wall and in the front 
counter, when used, were assumed to be negligible due 
to the fact that scattering into the telescope tends to 
cancel scattering out of the telescope. To test this 
hypothesis absorber was shifted from position A, to a 
position in front of counter C;. No effect could be 
detected up to 7 in. of copper at a meson energy of 
65 Mev. This was an excellent test since the amount of 
scattering material was always much less than this 
amount. 


(c) Range Energy Relation 


Meson ranges in copper were obtained from the 
proton range energy relation given by Aron.' These 
ranges were corrected for multiple scattering in the 
absorbers in order to obtain the projected ranges which 
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Fic. 16. Angular distribution coefficients. The solid curves 
represent the results of this experiment. The dotted curves are 
the average of all experiments as obtained in reference 3. 


the telescope measures. This effect amounts to a 
shortening of the meson range in copper as calculated 
from Aron’s curves by about 1.5 percent. The ranges 
were assumed to be accurate to 1 percent +0.01 cm. 


(d) AR Determination 


The range of photon energies effective in producing 
mesons which actuated the telescope was, as indicated 
above, directly proportional to the AR of the telescope 
which in turn was made up of absorber A; plus 
counter 3. As a check, the equivalent thickness in 
centimeters of copper of C; was experimentally meas- 
ured in the following manner. The counts in the meson 
peak were observed as absorber A; was varied from 0 
up to } in. of copper in 5 steps while adjusting absorber 
A; to keep the mean range constant. The data when 
plotted should give a straight line which has an inter- 
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cept with the absorber A; axis equal to the equivalent 
thickness of counter 3. The results are shown in Fig. 18 
where a least-squares fit to the data has been made. 
The equivalent thickness of the counter thus measured 
is 0.285+-0.015 cm copper, whereas the calculated value 
was 0.275 which is equal to the measured value within 
the statistical accuracy of the experiment. Since AR 
was composed of the counter plus the absorber A;, the 
error is less than the statistical uncertainty of the above 
experiment and was given the value of +2 percent. 


(e) Accidentals and Dead-Time Correction 


As has been described above, the accidental events 
were monitored simultaneously with the real events by 
means of delayed channels. This correction amounted to 
less than 5 percent in general, but in a few exceptional 
cases rose to 15 percent. In addition a few counts were 
missed because of dead-time losses caused by the veto 
counter C, being accidentally triggered in coincidence 
with a true event. This effect was corrected for and 
amounted to less than 3 percent in general, but again 
in a few cases got as high as 15 percent. 


TABLE I. Results obtained by a least-squares determination of 
the coefficients A, B, and C in Eq. (4) of the text. Also in the last 
column is listed the total cross section as computed from Eq. (5). 





7 A B < 
(Mev) (units 10-* cm?*/sterad) Total 
230 143 +0.03 —0.167 +-0.058 0.619 40.095 15.30 40.33 
260 1.79 20.04 ~0.348 +0.073 —0.862 +0.120 18.80 +0.40 
290 202 +0.04 —0.183 0.061 ~0.768 +0.110 22.05 +0.38 
320 1.99 +0.04 —0.035+0.056 —0.782+40.095 21.70 40.36 
350 1.55 +0.04 +0.122 +-0.051 —0.489 + 0.089 174340.34 
380 1.16 +0.03 +0.172+0042 —0.38840.074 12.90 +0.30 
410 O85 +0.026 +40.23240037 —0.17640.059 9.89 +0.26 
440 0.625 +0.031 +0.29240042 —0.042 +0.062 7.64240.29 
470 0.461 +0.021 +0.31120037 —0.022+0.050 5.68 40.24 


The veto counter had an additional effect for which 
it was necessary to correct. A valid count was discarded 
when the x meson correctly triggered the telescope, but 
then the resulting decay electron activated the veto 
counter within the resolving time of the slow coincident 
circuits. This effect has been calculated to be 6 percent 
+2 percent. 


(f) Backgrounds 


The backgrounds were obtained with the target 
empty and typically were less than 10 percent, but 
sometimes as high as 30 percent of the counts from the 
gas. The geometry of the telescope was always such 
that the steel ends of the target were excluded from 
the region contributing counts to the telescope. 


V. ERRORS 


A summary of the assumed errors is given below. 
These are divided into two classes. The first are errors 
which are independent of energy and angle and hence 
affect the absolute value of all the results. These errors 
are not included in the results shown on any of the 
graphs or in the results quoted in Table I. 
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Fic. 17. Total cross section, for y+-p-+r* +n. 
They are the following: 


(1) 
(2) 


Beam calibration: 7 percent. 

H, gas density: 3 percent. 

(3) AR: 2 percent. 

(4) Solid angle: 2 percent. 

(5) « decay actuating veto counter: 2 percent. 


The combination of the above yields 8 percent as the 
error in absolute cross section. 

In addition to the above, there exists both systematic 
errors which vary with angle as well as the random 
statistical errors. These errors were combined into a 
weighting factor which varied from point to point when 
the least squares fit of the angular distributions were 
made, and this is the error shown on the curves for the 
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Fic. 18. Counting rate as function of absorber A,. The line 
represents the least-square fit to the points. The intercept with 
the abscissa gives the equivalent thickness of counter C). 
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coefficients A, B, C, and given in Table I. These weight- 
ing factors were composed from the following errors: 


(1) Statistical errors in the number of counts re- 
corded. 

(2) Error in absorption correction: uncertainty in 
mean free path equal to 5 percent. 

(3) Errors in range-energy relations in copper: 1 per- 
cent +0.01 cm. 

(4) Error in telescope angle: 0.7°. 

(5) Day-to-day random errors in beam calibration, 
gas density, etc: 2 percent. 

(6) Statistical factor in calibration of the telescope 
at 24°, 38°, and 160°. 

(7) Errors in resolving the meson peaks from the 
electron and proton peaks: 2 percent. 


VI. DISCUSSION OF RESULTS 


A comparison of this experiment with other experi- 
ments may be made by examining Fig. 16. The dotted 
curve was obtained by an attempt to average all of the 
data available from Cornell, Ulinois, and CalTech. 
These data are shown in Fig. 15 of the preceding paper.’ 
In the energy region considered in this paper the dotted 
curve is, essentially an average of the telescope results 
and the magnet results. Therefore the difference be- 
tween the two experiments is about double the differ- 
ence between the two curves of Fig. 16. It is seen that 
there is a reasonable agreement between this experiment 
and the magnet experiment on the A and C coefficients, 
but that there is quite a disagreement on the B coeffi- 
cient. This shows up in a detailed comparison of the 
angular distribution curves where it is found that the 
magnet method gives results that are high compared 
to the telescope for either forward angles at photon 
energies higher than 380 Mev or backward angles at 
energies in the neighborhood of 290 Mev. In the region 
Of O... equal to 90°, the experiments agree quite well 
with each other and also with the Cornell and Illinois 
results at lower energy. 

As has been pointed out, the telescope data are sub- 
ject to large absorption corrections at high energies, 
whereas the magnet method does not suffer from this 
uncertainty. The fact that the cross sections agree quite 
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well at 73° up to 450-Mev photon energy would seem 
to indicate that we make this correction accurately up 
to a meson energy of 200 Mev. This disagreement at 
forward angles involving meson energies higher than 
this cannot be due to errors in the absorption correction. 
This is because a pion interaction cross section in copper 
of twice geometrical would have to be used in order to 
make the two experiments agree in this region. In the 
backward hemisphere the telescope has high counting 
rates and in general the backgrounds and corrections 
to the data are small. On the other hand, the decay 
corrections for the magnet method become rather large 
at low meson energies. Thus, to a certain extent the 
two methods tend to complement each other. 

The energy at which B reverses sign is found to be 
325 Mev as compared to 335 Mev obtained in the 
magnet experiment. If one assumes a simple resonance 
theory as Watson* has done, one finds that B should 
pass through zero when 


[cos(as3—a3)+2 cos(as3;—a1) ]=0, (6) 


where a3, a3, and a, are the phase-shifts obtained in 
the analysis of meson scattering experiments. If one 
uses the phase shifts as calculated by Bethe and 
deHoffmann,’ the above quantity equals zero at 340 
Mev. Thus, these experiments conform quite well to 
the predictions of this set of phase shifts. A more de- 
tailed comparison with the phenomenological theory of 
Watson and Gell-Mann® is in preparation and will be 
published at a later date. 
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Emulsions were traversed by radiations from a target bombarded by either 2.2-Bev or 3.0-Bev protons. 
Analyses of tracks of twelve heavy mesons that came to rest in the emulsions are presented. The stopped 
heavy mesons produced secondaries showing that 2 were tau mesons, 1 was a negative K meson, and 9 were 
positive K mesons. Grain count, scattering and range measurements served to determine AK-meson masses; 
the average of 6 positive K mesons that could be measured well was (965+15)m,. Evidence is given, from 
comparison with existing p8-blob density curves, that one K* secondary is a muon or electron, while 
another K* secondary is a pion. If, in the latter case, it is assumed that the K* decays into a charged and 
a neutral pion, the mass of the K* is found to be (945+:20)m, and the Q of the decay (20749) Mev, the 


same, within experimental error, as for @. 


INTRODUCTION 


URING the past year and a half, the heavy 

mesons #, r, K~, and K* have all been produced, 

either by 2.2- or 3-Bev protons, or by 1.5-Bev pions, 
at the Cosmotron.'~* 

Although data on heavy mesons have been accumu- 
lating rapidly in cosmic-ray observations,® such data 
do not often include knowledge of the nature and energy 
of the producing particle. Such knowledge is available 
in accelerator experiments, which have the further 
advantage that a known, localized target can be used, 
and emulsions can be so placed that radiations from the 
target traverse them in planes approximately parallel 
to their surfaces. This arrangement makes for easier 
scanning and longer K-meson tracks than does the 
arrangement in which the emulsion itself is the target. 

The target was in the straight section of the Cosmo- 
tron, and the path of its radiations to the detecting 
emulsions was entirely in this field-free region. Magnetic 
analysis of the radiations from the target has also been 
done, but this paper reports only those experiments in 
which the K mesons were not magnetically selected. 


EXPERIMENTAL ARRANGEMENTS 


Stacks of 24 strips of 2 in.X3 in. 400u Ilford G5 
nuclear emulsions were exposed at either of two posi- 
tions outside the Cosmotron vacuum chamber, as 
illustrated in Fig. 1(a), or inside the vacuum chamber, 
adjacent to a target, mounted as shown in Fig. 1(b). 
For each exposure, the target, held on a plunging ram, 
was kept in a position shielded from the proton beam 
for most of the Cosmotron’s accelerating cycle. At the 


* Work performed under the auspices of the U. S. Atomic 
Energy Commission. 

+ Now at the University of Illinois, Urbana, Ilinois. 

t Now at Harvard University, Cambridge, Massachusetts. 

' Fowler, Shutt, Thorndike, and Whittemore, Phys. Rev. 93, 
861 (1954). 

? J. Hornbostel and E. O. Saland, Phys. Rev. 93, 902 (1954). 

* Hill, Salant, and Widgoff, Phys. Rev. 94, 1794 (1954); 95, 
1699 (1954). 

* Hill, Salant, Widgoff, Osborne, Pevsner, Ritson, Crussard, 
and Walker, Phys. Rev. 94, 797 (1954). ; 
5 C. F. Powell, Nuovo cimento 11, Suppl. 2, 165 (1954). 


end of each cycle, the target was plunged into a position 
such that it was struck only by protons of full energy. 
Exposures were limited by the number of background 
tracks which arose from: (i) pions and protons coming 
directly from the target, (ii) stars produced in the 
emulsion and surrounding material by secondaries from 
the target. It was found that satisfactory scanning 
with a 20X dry objective could be carried out on 
emulsions which had a flux of the order of 10‘ minimum 
ionizing track per cm?. 

For the emulsion stacks exposed as shown in Fig. 1(a), 
particles entering the emulsions from the target pene- 
trated the 0.47-inch thick steel wall of the Cosmotron. 
This served to reduce the intensity of evaporation 
particles from disintegrations in the target, and to slow 
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positions of emulsions L72, LT3 and LTS, relative to the target 
and the proton beam of the Cosmotron. Figure 1(b) shows the 
method of mounting emulsions L77 and LT11, for exposures 
inside the vacuum chamber of the Cosmotron. 
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Tase I. Summary of exposures. 
Expo- Number of 
sure protons in Fiux of Number 
code circulating lightly oa K 
num- Exposure beam ionizing particles 
ber details (approximate) particles observed 
LT 3a 2.2 Bev O8K 10 2X 10*/cm* 0 
Fig. 1(a) 
LT 2% 2.2 Bev 0.7K 1 5X 10°/cm?* 1 
Fig. l(a) 
48 
LT Sa 3.0 Bev 1.2K10 3>¢ 10° /cm* 8 
Fig. I\a) 
90 
LT 5b 3.0 Bev 1.9K 10 4X 10°/cm* 1 
Fig. l(a) - 
45 
LT7 3.0 Bev 47X10 5X 10*/cm? 2 
Fig. 1(b) 
o° 
LT il 2.2 Bev BBX 10° 5X 10*/cm?* 0 
Fig. 1(b) 
90 


down the K particles. Several exposures, e.g., those at 
45° to the proton beam, were made with additional! 
absorbers between the target and the emulsions. These 
absorbers were used to, reduce the energies of the K 
particles emitted in the forward direction so that some 
would come to rest in the emulsion stack. The stacks 
exposed inside the vacuum chamber were shielded from 
the target by 9, in. of Cu; however, evaporation tracks 
made the plates difficult to scan in the area adjacent 
to the target. 

Table I gives a summary of the exposures. The 
energies of the incident protons, the numbers of the 
figures which illustrate the geometry of the exposures, 
and the angles between proton beam and the detected 
secondaries are given in column 2. In column 3 are 
given the total numbers of protons in the circulating 
beam during the exposures, and in column 4 are given 
the fluxes of lightly ionizing particles traversing the 
emulsions. The numbers of XK particles, including + 
mesons, observed in the emulsions, are given in column 
5. 

DETAILS OF SCANNING AND OBSERVATIONS 


The emulsions were area-scanned under a 20X 
objective for tracks of particles reaching the end of 
their range. In this way ¢ stars, r-u decays, u-e decays, 
K-particle interactions and decays, and proton track 
endings were observed. The emulsions were clear and 
the average minimum grain count was high (~38 
grains/100u), so that the presence or absence of a light 
outgoing track could be determined easily. Where there 
was any doubt, the ending was checked under high 
magnification (90X objective). 

In-Table II are given the results of this systematic 
scanning. Column 2 gives the area scanned for each 
stack. Columns 3-6 give the numbers of light-meson 
endings. Column 4 includes both one-prong ¢ stars, 
and those x-u events in which the » did not decay in 
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the stack. Column 8 gives the number of K mesons 
found in the area listed in column 2. Columns 7 and 9 
give, for x mesons and K particles, respectively, the 
approximate limits within which the particle energies 
must lie when they leave the target, in order for them 
to come to rest in the part of the emulsion which was 
scanned. These limits were calculated with the assump- 
tion that the particles traversed the absorber between 
target and emulsion in a straight line, and entered the 
emulsion through the edge of the stack. 

In addition to the K particles listed in Table II, 
several were found in random scanning of some areas of 
the plates: two (K7 and K9) in LT5a and two, including 
one r meson, in L77. No systematic scanning has yet 
been done on the L77 and L711 stacks. 

A check was made of the direction of entry of the x 
mesons that stopped in the emulsions, and it was found 
that more than three-fourths came from the direction 
of the target. 

In Table III are given some of the details of the 
K-particle tracks observed. Columns 2-4 give, respec- 
tively, the total track length in the emulsion stack, 
the average track length per emulsion strip, and the 
maximum track length in a single strip. Column 5 
shows whether the particle entered through the edge of 
the stack, in which case the particle could have come 
directly from the target, or through one of the 2-inch 
3-inch surfaces of the stack, in which case the K 
particle must have undergone scattering, or must have 
been produced in surrounding material by secondaries. 
The tracks of all the K particles which entered the 
stack through the edge facing the target lay within the 
angular spread of the beam from the target. Column 6 
gives the energy of the particle on entering the emulsion. 
For the particles coming from the target direction, 
the energies on leaving the target have been calculated 
on the assumption that they traveled straight through 
the intervening absorber. These values are given in 
column 7. 

Of the K particles listed here, K1 made a small star 
at the end of its range, and was thus identified as a K~ 
particle; rl and r2 were identified as such because at 
the end of their range they underwent the character- 
istic decay into three coplanar charge light mesons; 
the remaining mesons K2 to K10 each came to rest in 
the emulsion and gave rise to a lightly ionizing particle, 
with no other visible secondary, and are phenomeno- 
logically identified as K+ particles which have decayed. 

We believe that the scarcity of K~ stars relative to 
K* endings is not due to scanning inefficiency. About 
? of K~ stars have, in addition to 1 or more black 
prongs, a fast particle.* Our efficiency for finding and 
identifying such stars is appreciably higher than for 
finding K+ endings, hence the ratio of K+ mesons to 
star-forming K~ mesons should be even higher than the 
present observations indicate. 








* J. Hornbostel and E. O. Salant, Phys. Rev. 98, 218 (1955). 
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TABLE II. Results of systematic area scanning. 











Number of light meson track endings 





@ stars, 1-prong 
Exposure Area 2 or @ stars 
code scanned more and r-~ 
number (cm*) prongs events 
LT 3a 15.0 105 317 
(2.2 Bev, 90°) 
LT 2 62.0 192 551 
(2.2 Bev, 45°) 
LT 5a 53.4 255 775 
(3.0 a 90°) 
LT 5b 27.3 38 114 
(3.0 Bev, 45°) 





Any comparison of rates of. K-particle production at 
different energies and different angles that can be made 
from the data given in Tables I and II is uncertain, 
partly because of the small number of K particles 
observed, and partly because of uncertainties in the 
relative intensities of the different exposures. Neither 
the number of stopping pions and muons, nor the flux 
of lightly ionizing particles, assumed to consist mostly 
of light mesons, can be used as a measure of exposure 
intensity, since the cross section for production of these 
mesons is not known as a function of angle and primary 
energy. The circulating-beam monitor cannot be used 
reliably in a quantitative way at the low intensities 
used for the exposures, although it was used as a guide 
in timing them. Thus, there is no basis for a quantitative 
comparison of yields at different energies. There is no 
evidence for an appreciable change in the yield at 45° 
in going from a primary energy of 2.2 Bev to 3.0 Bev; 
at 90°, although many more K mesons were found at 
3.0 Bev than at 2.2 Bev, it should be noted that the 
observable energies were higher and the energy interval 
was narrower at 2.2 Bev. 

The same uncertainty in relative intensities does not 
apply to comparison of the numbers N of K mesons 
observed at 45° and 90°, with incident 3.0-Bev protons. 
The exposures at the two angles were for the most part 
simultaneous; the 45° plates were exposed somewhat 
longer to compensate, to some extent, for the smaller 
solid angle subtended. After correction for solid angle, 
relative exposure as measured by the circulating beam 
monitor, and area scanned, the ratio is V(90°)/N (45°) 
= 1.8_, ,+°4. The error is the statistical standard devi- 
ation. The loss by decay is not significantly different 
at the two positions, if a lifetime equal to the lower 
limit 5X 10~* sec given by Astbury ef al.’ is assumed. 

The expected value of this ratio has been calculated by 
Sternheimer,*® by assuming that K mesons are produced 
in reactions of the type p+nucleon—A°+K-+nucleon, 
with target nucleons having energies that follow a 


7 Astbury, Buchanan, Chippindale, Millar, Newth, Page, Rytz, 
and Sahiar, Phil. Mag. 44, 242 (1953). 

*R. S. Sternheimer, Phys. Rev. 93, 642 (1954), Brookhaven 
Internal Reports RS-41, RS42, RS-44, RS-46 (unpublished) 
and private communication. 





Observable 


Observable Number of K-particle 
7-mMeson K particles energy 
energy found in interval 
interval systematic (Mev) 

r-pe ue (Mev) scanning (appresimnate) 
133 173 70-100 0 120-150 
213 357 160-195 1 260-300 
250 504 45-90 6 80-145 
RE 98 160-195 1 260-300 


Gaussian distribution with an average energy of 20 
Mev. Two possible angular distributions of the K 
particles in the center-of-mass system have been con- 
sidered : one is isotropic, and the other varies as cos*#. 
For each of these, two possible distributions in energy 
have been assumed: one, f;, is proportional to the 
relativistic phase space factor times a constant matrix 
element; the other, f:, is proportional to the phase 
space factor times px’, where px is the momentum of 
the K particle in the center-of-mass system. Of these, 
only the isotropic distribution, with the energy distri- 
bution f;, seems inconsistent with the measured ratio. 


MASSES OF K PARTICLES 


One of the most important questions associated with 
K particles is whether the particles with different 
charges and decay properties have the same or different 
masses. 

The most accurately determined K-particle masses 
are those of the & and r mesons which have masses of 
(966+ 10)m, and (965.5+0.7)m,, respectively.” Al- 
though, individually, the measured masses of most K 
particles are distributed widely throughout the range 
from ~800m, to ~1300m,, there appears to be general 
acceptance" that the X-particle mass probably lies at 
approximately 1000m,. In particular, the group of 
workers” at |’Ecole Polytechnique have reported a 
value of (913+ 20)m, for the mass of S particles found 
in their cosmic-ray experiments with cloud chambers. 
However, in spite of the improvement in statistics and 
techniques of mass measurements, there are still in 
the literature some outstanding cases of K particles 
with masses significantly higher than ~1000m,. The 
first K particle observed at Bristol was reported to 


hye or) Burwell, Cohn, Huggett, and Karzmark, Phys. 
Rev. 95, A) (1954). 

” Amaldi, Fabri, Hoang, Lock, Scarsi, Touschek, and Vitale, 
Nuovo cimento 12, Suppl. 2 (Padua Conference), 419 (1954). 

4 (C. F. Powell, Report of Bagnéres Conference, p. 222 (1953); 
Nuovo cimento 11, Suppl. 2, 165 (1954). 

2 Gregory, Lagarrigue, Leprince -Ringuet, Muller and Peyrou, 
Nuovo cimento 11, 292 (1954); % Leprince-Ringuet, Proceedings 
of the Fourth Annual Rochester Conference (University of 
Rochester Press, Rochester, 1954). 
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Max 
Total Average 
K particle track track length 
and stack length per emulsion 
in which it in stack strip strip 
was found (mm) mm mm 
Ki 31.5 65 
LT 2% 
K2 45.1 38 93 
LT Sa 
K3 21.3 30 9.1 
LT Sa 
K4 42.5 28 9.1 
LT Sa 
K5 10.4 0.95 ® 
LT Sb 
K6 13.5 27 4.0 
LT 5a 
K7 94 3.1 3.7 
LT Sa 
K8 218 3.6 6.8 
LT Sa 
K9 18.2 2.6 42 
LT Sa 
K10 4.1 4.1 4.1 
LT7 
rl 43.9 170 17 
LT Sa 
r2 1.2 1.2 1 
LT7 


have a mass of approximately 1300m,," and another 
of 1300-1400m, was reported" at Paris. There are also, 
apart from the observed stopping A particles, the 
jet-produced K particles, discovered by Daniel and 
Perkins'* and reinvestigated by Fowler and Perkins,° 
which have a mass of approximately 1450m,. 

Because the tracks of the K mesons we observed 
were generally more than 1 cm long, the particle mass 
was usually most conveniently and precisely determined 
by grain density-range measurements. In several 
cases, masses were also determined by the method of 
scattering-range. 


(1) Masses Determined by the Method of 
Grain Density Range 


Owing to the comparatively heavy development of 
our emulsions, which had a minimum grain count of 
~38 grains per 100u, the average grain density of 
K-particle tracks at 12 mm residual range was approxi- 
mately 100 grains per 100, and at 24mm approximately 
80 per 100u. No grain counts were made at residual 
ranges less than 1 cm because of the high grain density. 

Of the twelve K particles tabulated in Table ITI, eight 
gave tracks from which masses were measured by the 
method of grain density range. The tracks were grain- 


Mes} O’Ceallaigh , Phil. Mag. 42, 1032 (1951); S. von Friesen, 
Proceedings of the ” Bagnéres Conference, 1953 (unpublished), p 
128; C. F. Powell, Nuovo cimento 11, Suppl. 2, 165 (1954). 

“L. Leprince-Ringuet, Proceedings of the Fourth Annual 
grag _ onference (University of Rochester Press, Rochester, 
1954), p 

wR. sa and D. Perkins, Proc. Roy. Soc. (London) A221, 
351 (1954). 
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Taste III. Details of K-particle tracks. 


length 
ina 
single 
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Energy of Approximate 
Surface particle energy of 
at which when it particle 
particle entered when it left 
entered emulsion target 
stack (Mev) Mev) 

edge facing 78 275 
target 

edge facing 96 125 
target 

edge facing 62 100 
target 

edge facing 93 120 
target 

edge facing 42 260 
target 

edge facing 48 90 
target 

2 in. X3 in. 38 
surface 

edge facing 62 100 
target 

2 in.X3 in 57 
surface 

2 in.X3 in. 24 
surface 

edge facing 82 115 
target 

2 in.X3 in. 12 
surface 


counted in those emulsions for which a reasonably long 
segment of track existed and for which the residual 
range was as large as possible. In the same emulsions, 
under the same conditions of counting and as nearly as 
possible at the same time, measurements of grain 
density range were made on # mesons, and, in a few 
cases, u mesons, with which the measurements of the 
K particles were compared. Pions and muons were used 
for calibration because our emulsions contained large 
numbers of them, and in general they could be found 
satisfactorily close (~1 cm or less) to the region in 
which the K mesons were being counted. In each case, 
in order to be certain that the calibration particles had 
not decayed or interacted in flight, it was required that 
at least one of the calibrating tracks be that of a x* 
meson which decayed intoa muon of approximately 600u 
range, the standard range of muons from pions which 
have come to rest. Usually only those calibrating tracks 
that were sufficiently long in one emulsion (the one 
being studied) were accepted. The calibrating tracks 
were grain-counted over an interval of grain density 
that included the K-particle grain density in the plate. 
In order to reduce the possibility of systematic errors, 
each K-particle mass was determined against at least 
two calibrating tracks in a given emulsion strip, and, 
whenever possible, similar measurements were made in 
more than one strip of the stack. 

When the grain densities of the K particle and its 
calibrating tracks had been determined, a plot was 
made, for each type of particle (K, x, or « meson), of 
y, the logarithm of grain density per mm of tracks, vs x, 
the logarithm of the residual range R, and a least 
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squares line, y= a+x, was fitted to each set of points. 
All of these lines should have the same slope, and, in 
fact, the fitted slopes were found to agree with each 
other within the statistical errors. The average, 6, of 
these slopes, weighted according to their statistical 
errors, was determined. A new line was then drawn for 
each type of particle, by passing a line of slope 6 
through the center of gravity, =>), wad wi. 
9=>d wy/Dd; wi, of each set of points, where the w, 
are the statistical weights of the individual points x;, y,. 
The K-particle mass was determined from the ratio of 
the ranges at equal grain density of the K track and 
calibration track. For example, if one takes y=@, as 
the constant grain density line, then 


Mx Ro expxo 

= (1) 
M, kK. exp2, 
where 


xo= (Gr—Ix)/b+2x, (2) 
and the statistical standard error is given by 


e(Ro) 1 (0.76)? 1 (0.76) (9.—Gx)* ' 
= + eo 


R \6 N. 6 Ne b 





Here NV, and Nx are the total counted numbers of 
x-meson and K-meson grains, respectively, and o*(b) 
is the statistical error in the weighted average slope 6. 
Similarly, one can obtain Mx/M,,. 

Of course, the ratio obtained by taking the range 
intercepts with any line of constant grain density will 
be the same, but the error will be changed somewhat 
from that given above. It is necessary to limit the 
range and grain density interval over which one fits a 
straight line, as the slope of the Ing vs InR line is not 
constant over large intervals. Usually, points repre- 
senting a grain density variation of not more than 10 
grains per 100u were fitted by a single line. The slope 
is then rather poorly determined by the points, since 
the range interval covered is small. It is, therefore, 
desirable, in order to minimize the importance of the 
slope in determining the range intercepts, to choose 
calibration tracks such that their g will be as close as 
possible to 9x. 

The results of the mass determinations by the method 
of grain density-range are given in Table IV. The 
values given there were obtained by using m, = 273.4m, 
and m,= 207.0m,.'* Column 2 gives the range intervals 
and the emulsion strip numbers in which the mass 
determinations were made; column 4 gives the number 
and kind of calibrating tracks used; columns 3 and 5 
give the total numbers of grains counted in K-particle 
and calibrating tracks, respectively. In column 6 are 
given the K-particle mass values determined separately 
for each emulsion strip, with the standard statistical 
errors found by means of Eq. (3). Column 7 gives the 


% Smith, Birnbaum, and Barkas, Phys. Rev. 91, 765 (1953). 
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weighted average mass value and standard statistical 
error for each particle. In most of the cases where the 
same K particle was measured in two emulsions, the 
mass values are ii agreement within the statistical 
errors; differences might be an indication of errors 
arising from nonstatistical sources such as irregularities 
in the emulsion. 

The masses given in Table IV, including those of 
negative (K1), positive (K2, K3, K4, K6, K8, K9) and 
7 mesons, are in satisfactory agreement with one 
another, within limits of about 70m,. The value of the 
t-meson mass is also in accord with the value of 
965.5m,," determined from the three-pion decay of the 
r meson. The weighted average value of the K*-particle 
mass, obtained from the K+ masses given in Table IV, 
excluding r1, is (965-+-15)m,. The error given is the 
standard statistical error. It should be noted that the 
decay products of the K+ mesons have not been identi- 
fied in most cases, and that several different decay 
schemes are probably represented. Thus this average 
does not represent the mass of any particular species 
of K particle. 


(2) Masses Determined by the Method of 
Scattering-Range 


There are two approaches to the measurement of 
masses by the method of scattering-range: for long 
tracks, constant cell lengths can be used to measure 
the scattering at large residual range, while for short 
tracks, measurements can be made by using constant 
sagitta methods.!? 

The masses of several of the K particles have been 
measured by one or both of these means. 

Tracks that were long and flat, in the emulsion strips 
where the residual ranges were large, were suitable for 
constant cell-length measurements. The track of 71 
satisfied the requirements very well, and since the 
mass of the r meson is well known, the other K-particle 
masses were obtained by comparing the scattering 
measurements on them with those made on the r-meson 
track, in the following way. 

From 119 cells of 100u length, the mean scattering 
angle for the r meson in the residual range interval from 
17.5 mm to 29.9 mm was measured to be 0.216°+0.013°. 
This value was obtained from the mean second differ- 
ences measured with 1004 and 200, cells, by using the 
noise elimination technique of Menon, O’Ceallaigh, 
and Rochat.'* The error is the statistical error deter- 
mined by the number of independent 200y cells, as 
defined by O’Ceallaigh and Rochat.” By using the 
known mass of the 7 particle and the effective residual 


1 Biswas, George, and Peters, Proc. Indian Acad. Sci. 38, 418 
CV Goldsack, and Hirschberg, Nuovo cimento 11, 
113 (1954). 

% Menon, O’Ceallaigh, and Rochat, Phil. Mag. 42, 932 (1951). 

* C. O’Ceallaigh and O. Rochat, Phil. Mag. 42, 1050 (1951). 
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Tasie IV. K-particle masses determined by the method of grain density vs range. 


Weighted 
average 
K-particle values of 
mass K-particle 
values mass 
(Me) ma) 


Residual range 
interval {mm) 
and emulsion 
strip in which 
grain count 


Total 
grains 
counted in 
K-particle 


Total grains 
counted in 
calibrating 


Kind and 

number of 

calibrating 
tracks 


was made track 


15.2-19.9 3733 4x 
(26.15) 2u 


19.9-27.4 5410 2s 
(26.16) Ip 


10.8-20.1 8988 4r 


(5a.10) 
20.1-23.9 3079 
(Sa.11) 


12.0-21.0 9253 


(5a.16) 


16.1-—23.1 
(54.19) 


23.1-32.2 
(54.20) 


11.0-13.4 


(5a.17) 


14.3-19.3 


(5a.23) 


19.8-22.2 
(5a.24) 


13.8-16.3 


(5a.23 


10.0-16.6 
Sa 11 


19.4-29.5 
(5a.10) 


range R, defined by Gottstein and Mulvey” as 


0.15(R2— R;) p.63 
R , 
Ry8— Ry 


where R; and R; are the ranges at the beginning and 
end of the interval measured, a value of K,, the scat- 
tering constant in the equation p8=K,,/ G00, may be 
obtained by trial and error, from the universal curves 
of p8/R vs 8 and p/Mc vs 8. From the above data, a 
value of K, equal to (25.8+1.5) (Mev/c)-degree was 
thus derived. Although this value in no way represents 
an improved determination of the scattering constant, 
it is nevertheless a direct and independent check of the 
scattering method. The masses of K1, K2 and K4, on 
which scattering measurements could be made at 
approximately the same residual range as for rl, have 
been determined by using the value of 25.8 (Mev/c)- 
degree for the scattering constant. The values of the 
masses, together with the range intervals in which the 


"9K. Gottstein and J. H. Mulvey, Phil. Mag. 42, 1089 (1951) 


tracks 


970455 
9852435 
955430 


9168 910+40 


11630 1005435 1005435 


11957 965+30 


6266 1010+ 60 


9637 955+70 955+70 


950+40 
1305+145 
950+45 


970+65 


955225 
955430 


measurements were made, the effective residual ranges 
and the mean scattering angles, are given in Table V. 
In all cases, the mean scattering angles were deter- 
mined as in the case of 71,'* and the errors in the mass 
values are those which arise from the statistical errors 
in 00." 

Values of A-particle masses measured by constant 
sagitta methods, with the variable cell length schemes 
of Biswas, George, and Peters'’ and of Fay, Gottstein, 
and Hain” are given in Table VI. 

The mass values determined by scattering with cells 
of constant length (Table V) are in agreement, within 
the errors, with those obtained from grain density 
measurements (Table IV). The mass values determined 
by constant-sagitta scattering methods (Table VI) do 
not seem to be consistent with the results of the other 
methods; except in the case of K1, they are considerably 
higher. We believe that the constant-sagitta methods 
are not reliable for the short track lengths we have used; 
the results have been found to be inconsistent from 


sal Fay, Gottstein, and Hain, Nuovo cimento 11, Suppl. 2, 234 
(1954). 








MESONS PRODUCED BY 2.2- 


one part of a track to another, and from one cell length 
scheme to another. It also seems possible that there is 
a systematic error, which could arise from a variation 
of the scattering constant with range, at small residual 
range. 

The best mass determinations are those based on 
grain density measurements, which yield an average of 
(965+ 15)m,. The determinations from scattering are 
of considerably lower statistical accuracy. Inclusion of 
the constant cell length scattering values with the grain 
density values does not change the average mass, and 
also does not improve the accuracy. Inclusion of the 
constant-sagitta results as well increases the average 
mass to 1000m,, again with no significant improvement 
in accuracy. Because of the inconsistencies of these 
constant-sagitta measurements, the final average mass, 
obtained by omitting them, is accordingly taken to be 
(965+ 15)m,. 


NATURE OF CAPTURE OR DECAY OF K PARTICLES 


The manner in which K particles are captured or 
decay is of prime interest in the study of these particles. 
In the following sections, the capture of one K~ particle, 
the decays of two 7 mesons and of four A* particles 
are analyzed. 


(1) Capture of a K~ Meson 


An illustration of the star produced by the capture 
of K1 is shown in Fig. 2. The center of the star shows 
considerable evidence of low-energy electron tracks, 
probably from Auger electrons associated with the 
capture of the K~ into the emulsion atom, although it 
cannot be certain that they are not merely background 
tracks. There is no evidence either for a recoil track of 
for a high-energy electron (250 kev). However, the 
last section of the K~ track is so dense that the existence 
of a short recoil track in the backward direction, 
obscured by the incoming track, could not be ruled out. 

Of the two visible outgoing tracks, one has a low 
grain density and is 2.14 mm long in the first emulsion 
strip, 1.04 mm in the adjacent strip. The particle then 
produced in flight a star of two black tracks. The other 
outgoing particle from the K~ star was heavily ionizing 
and traveled a total of 969u in three emulsion strips 
before coming to rest. 

Scattering measurements were made on both the 
outgoing tracks from the K~ star. The heavily ionizing 
particle was found to have range and 6 corresponding 
to those of a proton emitted with an energy of (13.5 
+0.5) Mev. The lightly ionizing particle had a 8 of 
(125430) Mev/c which is consistent with either a pion 
of (75425) Mev or a proton of (62+15) Mev. 

Grain density measurements on the light track 
showed a small variation from 1.64 to 1.71 times 
minimum in passing along the track from the K~ star 
to the secondary star. These grain density measure- 
ments are consistent with a pion of (50+5) Mev ora 
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Taste V. K-particle masses determined by method of scattering 
vs range, with constant length cells of 1004 and 200, and scattering 
constant of 25.8 (Mev/c)-degree. 





Mean 
Residual Effective scattering 
range residual angle 
K interval range Gise Mass 
particle (mm) (mm) (degrees) (me) 
ri 17.5-29.9 23.2 0.216 965.5 
(standard) 
Ki 19.8-27.2 23.2 0.216 970+ 240 
K2 20.2-27.3 23.4 0.208 1040-+270 
K4 23.1-32.2 27.4 8814200 


0.205 


proton of (300+20) Mev. We must conclude from the 
consistency of scattering and grain density data that 
the lightly ionizing particle was a pion of approxi- 
mately 50 Mev. 

The angle between the outgoing pion and proton 
tracks was measured on a tilting stage microscope to 
be 135°+2°. 

A point of particular interest in the analysis of K~ 
stars is their characteristically low energy.“-™ In the 
present K~ star there is direct evidence of only 203 Mev 
of emitted energy (including the pion rest energy), 
whereas the energy available from complete conversion 
of the K~ particle is approximately 500 Mev. 

Any scheme suggested to account for this star must 
predict the emission of a 50-Mev charged pion. It is 
not necessary to account specifically for the 13-Mev 
proton, which could result from evaporation. The 
products of K capture may include hyperons®**¢ (the 
hyperons A and 2X, of rest energy 1115 Mev and 1190 
Mey, respectively, will be considered presently), but, 
since there is no such track in the star, any charged 
hyperon must be regarded as reabsorbed within the 
parent nucleus, a process discussed by Goldhaber.** 
Various schemes will now be discussed. 

Consider, first, capture of a K~ meson by a single 
nucleon N at rest in a nucleus. Let the process be 
limited to the production of two particles and let these 


Taste VI. K-particle masses determined by the method of 
scattering 9s range, with constant sagitta. 


Residual range 


interval Mass Maes? 

particle mm) ( "e) (me) 
Ki 0-2.1 1090+ 300 800+ 180 
0-11.3 8004-130 7504110 
K2 0-3.6 1380+ 300 1450+ 290 
K3 0-4.2 ree 1430+: 260 
K7 0-2.5 . 15404340 
K1i0 0-4.0 13204-290 1100-4200 


* See reference 17 
» See reference 21 


2 Lal, Pal, and Peters, Proc. Indian Acad. Sci, 38, 398 (1953). 
% J. Hornbostel and E. O. Salant, Phys. Rev. 93, 902 (1954). 
*C. F. Powell, Nuovo cimento 11, Suppl. 2, 165 (1954). 

%* H. DeStaebler, Jr., Phys. Rev. 95, 1110 (1954). 

% M. Goldhaber, Phys. Rev. 92, 1279 (1953); see also R. H. 
Dalitz, Phys. Rev. 94, 1046 (1954). 
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meson coming from the right is shown stopping and producing 


a two-prong star of a x meson and a proton 


two particles emerge without interacting with any of 
| g : 


the nucleons of the nucleus 
In the following reactions, 
in Mev, 
A 


K ~~ +2°+ 102, 

the kinetic energies of the pions are 280 Mev for (1 
150 Mev for (2) and 87 Mev for (3), each inconsistent 
with the observed pion energy It is to be noted that 
the A-meson rest energy is too low to produce a pion 
in addition to a cascade particle (rest energy ~1315 
Mev). 

However, if the target nucleon is not at rest, then, 
as a consequence of Fermi energy, the pion of reaction 
(3) might be observed with 50 Mev, but not the pion 
of the first two reactions 

But even with a stationary nucleon, a 50-Mev pion 
can be obtained if any one of the other limitations is 
dropped. If the pion makes collisions with the other 
nucleons of the nucleus, it could lose enough energy 
If the X-meson capture involves more than one nucleon, 


here the O values are 


or produces more than two particles, as in 
K-+N+N 
K-+N 


om +N+N+353, (la) 


on +7 + N+219, (1b) 
K~+N+N—-9-+A°+N+178, (2a) 


momenta and energies can be balanced so as to accom- 
plish the desired result. 


An interesting alternative is the case discussed by 


Goldhaber,** where a hyperon (produced in K-meson 
capture) is trapped within the nucleus and subsequently 
emits a pion. Because its traversal time of a nucleus is 
much briefer than its lifetime, the hyperon must come 
to rest long before its break-up. But a A° decaying at 
rest yields only a 32-Mev pion; consequently a bound 
A® would not explain our K star. On the other hand, 
trapping of a 2, produced in the reaction 
K-+ N—r°+2-+-102 (4) 
would yield a 95-Mev charged pion, which, by collisions 
with nucleons, could emerge with 50 Mev. Similarly, 
a cascade particle, produced without an additional 
pion, could, if it decayed within the nucleus, yield a 
charged pion of the observed energy. 
Thus it is apparent that many different schemes could 





MESONS PRODUCED BY 2. 


™ ~ 


15-MEV # MESON 
eo 








\7-MEV TT MESON LEAVES EMULSION STRIP AT 


2- AND 3.0-BEV PROTONS 


™ % 
oe ne ag 


ee 





Rt OR oe ee 


* 


@eee Bee «1 ee 


’ 
43-MEV w MESON 


Fic. 3. Decay of r meson. A r meson coming from the right is shown decaying at rest into three coplanar charged x mesons. 


account for our A~ star. Only reactions (1), (2) and 
(3) with all of the restrictions initially noted must be 
rejected, and (3) is acceptable with plausible Fermi 
energy. 

So far, no account has been taken of the recent ideas 
of Pais and Gell-Mann and of Goldhaber, which restrict 
the possible products of K-meson capture.***? Reactions 
(1), (1a), and (1b) are ruled out. In their schemes, any 
~ particle in the presence of nuclear matter is trans- 
formed into a A°, which then decays. Since, as we have 
seen, the decay of a A° will not yield a sufficiently 
energetic pion, neither will be 2. Hence decay of the 
trapped = of reaction (4) will not do. 

Consequently, if the theoretical restrictions are valid, 
the only mechanism that could yield the observed K 
star is the production of a charged pion and a hyperon, 
according to reactions (2a) or (3). The schemes of 
Pais and Gell-Mann and of Goldhaber forbid the 
formation of a cascade particle from K~ capture. 


(2) Decay of « Mesons 
An illustration of the decay of 71 is shown in Fig. 3. 
The details of the rl-meson decay have already been 


7 M. Gell-Mann and A. Pais, Proc. Glasgow Conference, July, 
1954 (to be published) ; also private communication. M. Goldhaber 
(private communication). 


given’ and they are here merely summarized, together 
with those of r2, in Table VII. 

It is noteworthy that the ratio of the numbers of r 
mesons and other K mesons, }, is the same as the ratio 


reported in cosmic rays. 


3) Decay of K* Mesons 


A typical K+ decay, K2, is shown in Fig. 4. Of the 
nine K* particles, five had secondary tracks which 
were too steep for reliable scattering measurements, as 
the track length per emulsion strip was 1 mm or less 
Of the four secondary tracks considered suitable for 
measurement, K2 averaged 3.1 mm per strip; K3, 
2.3 mm per strip; K7, 4.1 mm per strip; and K10 had 
a track length of 52.5 mm in a single strip. A preliminary 
report of K10 has been given.” None of the secondary 
tracks ended in the emulsion. 

Grain and blob counts, as well as scattering measure- 
ments, were made on the four selected tracks. In order 
to obtain the ratio of the grain or blob density of a 
segment of track to the plateau grain or blob density, 
the plateau density in the neighborhood of each track 
segment was determined by blob- or grain-counting 
electrons from y-e decays. The grain- and blob-count 


* Hill, Salant, and Widgoff, Phys. Rev. 98, 247(A) (1955). 
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meson. A K* meson coming from the right is shown stopping and 


decaying into an outgoing light meson 


histograms for a particular emulsion, 1 75a7, are shown 
in Fig. 5. Figure 5(a) shows a histogram of the grain 
counts of electrons from y-e decays; Fig. 5(b) shows 
a histogram of blob counts of the same electrons. The 
distribution of the blob counts can be seen to be 
narrower, probably because blob counting is less liable 
to subjective errors. It thus appears to be advantageous 
to use blob rather than grain counting for tracks of 
near-minimum ionization. 

The calibration counting was done on long tracks 
which showed relatively little scattering, and the elec- 
trons used probably all had energies of about 10 Mev 
or more. The blob count thus obtained has been taken 
to be the plateau blob count, 4,14: 

The scattering and blob density measurements on the 
decay-product track of K10 were made over the first 


Tasie VII. Details of r-meson decays 


fF Mesor Lengt 
charge Pior pion Relative 
where energies track angles alue 
meson knows Mev ' legrees Me 
ri* 15.4 49 613 
rl x2 16.8 4.6 150.0 75.6+1.0 
r3 43.4 8.1 
rl M4 1 95 126.2 . 
r2 r2 24 0.47 131.3 79412 
x3 21 0.27 


4.9 cm of its range. The last 0.35 cm of the track in the 
emulsion approached the edge of the plate and was not 
measured because of the possibility of distortion. The 
primary cell length used in the scattering measurements 
was 100u, and the mean scattering angle, &o9=0.171° 
+0.006°, was obtained from the 100u and 200u values 
of the mean second difference by using the noise 
elimination technique of Menon, O’Ceallaigh, and 
Rochat.'* If one uses the value” 24.3 (Mev/c)-deg for 
the as is consistent with the 
measured ratio, 6/b,:..=1.18, of average blob density 
to plateau blob density, one obtains for the average p8 
of the track a value of (13948) Mev/c. 

It was apparent that the scattering angle increased 
with distance from the origin of the track. For the 
purpose of analysis, the track was therefore divided 
into six segments and the mean scattering angle, &00, 
computed for each segment. The segment with the 
largest scattering was ~3.5 mm long, each of the other 
segments ~9 mm. The values so obtained are given in 
Table VIII. 

The blob density was measured along the whole 
length of the track and showed a significant increase 
with distance from the origin. The measured blob 
densities for the six sections of the track under con- 


scattering constant, 





* Bristol curves, based on work of L. Voyvodic and E. Pickup 
(private communication). 

















sideration are’ also shown in Table VIII. The total 
numbers of blobs counted in each section were of the 
order of 3000, so that the statistical mean deviations 
in blob densities are of the order +0.6 blobs per 100,. 
The tracks of fast electrons in close proximity to the 
K-secondary track showed slight local variations (~3 
percent) in plateau blob density. The values of 5* are 
the blob densities corrected for these local variations. 
The ratios of 6* to 6,4, are given in the final column 
of Table VIII. 

Each of the secondary outgoing tracks of K2, K3, 
and K7 mesons was scattered in three adjacent emul- 
sions. In order to indicate the possible degree of accu- 
racy of the scattering measurements, the separate 
mean second scattering differences are shown in Table 
IX. It is seen from these values that, with the possible 
exception of the case K7, the constancy of both Dyoo, 
and Dooo,, as well as the ratio Deoo,/Dyo0o,, is not very 
good. No correction for distortion was made because 
the numbers of independent second differences of both 
positive and negative signs were always approximately 


TaBe VIII. Summary of scattering and blob density 
measurements for the secondary track of K10. 





Distance of 
midpoint of 


track segment be b* /bpias 

from origin a 00 8 blobs per plat = 
mm) (degree: (Mev/c 1004 29.5 40.3) 
4.35 0.148+0.022 163424 33.0406 1.12+0.03 
13.05 0.143+0.020 170423 342406 1.16+0.03 
21.75 0.151+0.020 161421 348406 1.18+0.03 
30.45 0.18140.025 134419 3534+0.6 1.20+0.03 
39.70 0.21340.028 114415 370+06 1.25+0.03 
46.75 0.240+0.045 101419 37.340.7 1.26+0.04 
0.174+0.010 13948 348403 1.18+0.01 


Whole track 


the same. The values of Goo were obtained by using 
the noise elimination procedure. 

Blob counting on the outgoing tracks showed no 
significant variation from one emulsion to another. The 
ratios 6*/b,1.: are given in the final column of Table IX. 
The errors quoted are the standard deviations based 
on the numbers of grains counted. 

The values of 5*/b,.:,:, from Tables VIII and IX are 
plotted as a function of p@ in Fig. 6. 

For various reasons, enough pion tracks for good 
blob count-p8 calibration in the relevant emulsion 
strips have not yet been obtained. While the search for 
the appropriate tracks is still going on, it was regarded 
as instructive to compare the measured values of the K 
secondaries with pion ionization-p@ curves obtained in 
other laboratories. These curves are drawn solid in 
Fig. 6, from the values given by (a) Daniel ef al.,” 
(b) the group at the University of Padua,” and (c) 
Fleming and Lord. The muon curves in Fig. 6 are 


* Daniel, Davies, Mulvey, and Perkins, Phil. Mag. 43, 753 
(1952). 

“= Padua group (private communication by G. T. Zorn). 

# J. R. Fleming and J. J. Lord, Phys. Rev. 92, 511 (1953). 
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Fic. 5. Histograms of blob and grain densities. Figure 5(a) 
shows a histogram of grain counts on high energy electrons from 
u-e decays. Figure 5(b) shows a similar histogram of blob counts 
on the same electrons as were used in obtaining Fig. 5(a). 


derived in the usual way from the pion curves. In cases 
(a) and (b), the plateau blob densities were obtained 
from blob counts of pair electrons of energy > 10 Mev 
and from primaries of high energy stars. For (a), the 
value is ~19 per 100y, for (b) 22 per 100u. The plateau 
blob density for (c), obtained from y-decay electrons, 
was 30 per 100u. Values of p§ were determined, in (a) 
and (b) by scattering measurements, in (c) by the 
more precise magnetic measurement of momentum of 
selected pion beams. 

The secondaries of K3 and K7 are consistent with 
either the x or uw calibration curves. 

In all three calibrations, the K2 secondary agrees 
with the uw but not with the w curve. It cannot be 
excluded, however, that any of the secondaries K2, K3, 
or K7 is an electron. 


Taste IX. Scattering and blob density determinations for 
secondary tracks of K2, K3, and K7 mesons. 


Length 
scattered 
mm 
emulsion Ding Deny ies 6 

particle number) (pw) m (degrees) (Mev/c) b* /bp iat 
2.5 (6) 0.0340 0.0980 

K2 4.1 (7) 00331 06.1025 0.182 134418 102240.03 
1.6 (8) 0.0202 0.0395 
24 (8) 0.0211 0.0639 

K3 2.1 (9) 0.0201 0.0830 0.131 186430 0924004 
14 (10) 00239 0.0354 
4.1 (22) 0.0281 0.0739 

K7 4.2 (23) +0.0251 0.0583 0.127 192422 102+40,03 
3.3 (24) 0.0243 


0.0587 
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Fic. 6. Plots of blob densities 2s p8-values for the outgoing 
light mesons of K* mesons: X2, K3, K7, and K10. Figures 6(a), 
6(b), and 6(c) show these data plotted relative to the r- and 
w-meson curves of Daniel et a/., the Padua Group, and Fleming 
and Lord, respectively. 


In all three calibrations, the K10 secondary for 
p8 > 134 is consistent with the x but not with the u 
curve. For p§= 114, K10 is consistent with the x curves 
but not with the uw curves of (b) and (c), while it could 
be just as well associated with either curve of calibration 
(a). The less precise point at p8=101 could lie either 
on the x or u curves of (b) and (c), and better on the yw 
than on the x curve of (a). 

The fit of the higher 8 points to all x calibration 
curves and failure of those points to fit the « curves are 
evidence that the K10 secondary is a pion. The dis- 
crepancy between the low 8 points and the Daniel r 
curve arises because the K10 points lie on a flatter 
curve. Since the plateau density in the Brookhaven 
plates is 29.5 and in the Daniels plates only 19, this 
greater flatness is not surprising in view of saturation 
effects. The Padua plates have plateau density 22, 
and curve (b) also is steeper than the K10 curve. The 
plateau density of the Fleming-Lord plates is the same 
as for the Brookhaven plates (and both were determined 
in the same way, from w-decay electrons) and the slopes 
of the K10 and (c) curves are quite consistent with 
each other. 
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The point representing the average p83, (13948) 
Mev/c, and average blob density of the entire K10 
track is’ consistent with the x curves but not with the 
u curves of all three calibrations. The average p8 of K2 
is (134+18) Mev/c. Hence it can be stated that, at 
approximately the same p8, the blob density of K10 is 
20 percent higher than the blob density of K2. This 
supports the evidence for identifying the K10 secondary 
as a pion. 

If one accepts this evidence that the K10 secondary 
is a pion, one finds, from the ~8 measurements and the 
known rate of energy loss in emulsion, its p38, momentum 
and kinetic energy at emission as 16547 Mev/c, 
198+7 Mev/c and 10246 Mev, respectively. 

That positive K mesons might decay into two light 
mesons, a positive pion and a neutral secondary, was 
first suggested by Menon and O’Ceallaigh,” who ob- 
served five cases in which the p§ of the decay particle 
was approximately constant and lay between 162 and 
187 Mev/c. A similar case was later observed by 
Bonetti ef al.,* who determined the 8 of the decay 
particle as 200+ 33 Mev/c. 

It was mentioned in the preliminary report** that, 
if the K10 decay is represented by 


Ktort+2+0, 


then (with masses'®** m,+=273.4m, and m,°= 263.7m,) 
Q=207+9 Mev and the mass of the K10 primary is 
(945+ 20)m,. 

The primary track K 10 was not long enough to make 
possible a precise direct measurement of its mass; the 
values obtained by constant sagitta scattering methods 
and given in Table VI are not inconsistent with the 
value deduced from the assumed decay. 

Thus the event K10, the recent Princeton cloud- 
chamber observation,” and two recent K* decays in 
emulsions®” are very similar. The K-meson mass and 
the Q agree closely® with the mass and (Q of the @, 
which decays into two charged pions. 

Since it is not certain that the K10 primary came 
directly from the target, nothing significant can be said 
about its lifetime. 
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The large amounts of energy necessary for the acceleration of 
cosmic rays throughout the galaxy introduces a serious transport 
problem. The hydrodynamic and hydromagnetic equations are 
investigated from the viewpoint of energy propagation. It is 
shown that, with the galactic model of Fermi and Chandrasekhar, 
the observed motions of the interstellar gas reduce to hydro- 
magnetic waves, which are, as it turns out, the most effective 
means of energy transport. A consideration of the interaction of 
charged particles with hydromagnetic waves shows that it is the 
fluid velocity, and not the wave velocity, that is responsible for 
the acceleration of cosmic rays by Fermi’s mechanism. 


ORRISON, Olbert, and Rossi' have discussed 
the necessary conditions for accelerating, by 
Fermi’s mechanism,?* the cosmic-ray particles observed 
at the earth. The energy they require for the accelera- 
tion comes directly from the irregular motions of the 
gas clouds in the spiral arms of the galaxy. So much 
energy is needed to accelerate the cosmic-ray particles 
that the clouds would lose their irregular motions in a 
period of time of the order of only 10° years. There 
seem to be only two sources of energy of sufficient mag- 
nitude to supply the clouds for significant periods of 
time: One is the gravitational energy of the galaxy as 
a whole; and the other is the nuclear energy continu- 
ally liberated in the interior of stars. Though it is not 
clear as to how the gravitational energy of the galaxy 
can excite the small scale cloud motions, Oort* and 
Spitzer’ have recently proposed a mechanism whereby 
the O and B stars can transfer large amounts of energy 
to the motions of the gas clouds: The O and B stars, 
with their enormous surface temperatures, ionize and 
explode the gas clouds near whose centers they are 
formed. 

The average life of a cosmic-ray particle based on 
collision length is of the order of 4107 years. Morrison 
et al. find, however, that before the particle escapes 
from the galaxy a life of no more than 4X 10* years can 





* This work was supported by the Office of Naval Research 
! Morrison, Olbert, and Rossi, Phys. Rev. 94, 440 (1954). 

2 E. Fermi, Phys. Rev. 75, 1169 (1949). 

2 E. Fermi, Astrophys. J. 119, 1 (1954). 

‘J. H. Oort, Bull. Astron. Soc. Netherlands 12, 177 (1954). 
* J. H. Oort and L. Spitzer, Jr., Astrophys. J. 121, 6 (1955). 


We calculate the the dissipation of hydromagnetic waves in 
the interstellar medium, and the variation of amplitude and wave- 
length of such waves with changes in density and large-scale field 
intensity. It is then shown that the galaxy is no more than one 
percent efficient in the acceleration of cosmic rays because of the 
tremendous viscous losses in the interstellar medium, and that 
there is no hydromagnetic mechanism that can convert the ob- 
served large-scale low-velocity fluctuations in the interstellar 
medium to the required small-scale high-velocity motions. 


be tolerated in view of the observed mass spectrum. 
Since the energy density of cosmic rays is about the 
same as starlight, vis. 5X 10-" erg/cm',® they require 
3X10-*? erg/cm*/sec for the acceleration of cosmic 
rays, instead of only 3X 10-** erg/cm*/sec based on the 
lifetime of 4X 10" years. 

Now, whatever the source cf the energy maintaining 
the irregular motions of the gas clouds, whether it be 
Oort’s mechanism alone or this mechanism in conjunc- 
tion with other sources, there must be some means for 
propagating the irregular motion from the relatively 
localized sources of supply, viz., the O and B complexes. 
The bodily transport of kinetic energy by the moving 
clouds themselves is very inefficient because the transfer 
to other clouds is through the inelastic collisions be- 
tween clouds. We are led to consider the possibility of 
more efficient transport processes, and toward this end 
we shall now decompose the equations of hydrody- 
namics and hydromagnetics into components according 
to the manner in which they propagate. 


I. HYDRODYNAMICS 
It is well known that for suitable boundary condi- 
tions there exist functions A(r) and g(r), where r 
represents the position vector, such that any analytic 
vector function v(r) may be expressed’ as 


v(r)=VXA(r)—Vel(r), V-Al(r)=0. (1) 
Taking the curl and the divergence of this expression, 


*T. Dunham, Jr., Am. Phil. Soc. 81, 277 (1939). 
7C. F. Sommerfeld, Mechanics of Deformable Bodies (Academic 
Press, Inc., New York, 1950), p. 147. 




















242 EUGENE 


we find that 


VX v(r)=VX[VXA(r) J=—V*A(r), (2) 
V-v(r)=—V'e(r). (3) 
The solutions of (2) and (3) are 
1 dr’ 
Ai(r) f VxXv(r), (4) 
4dr r—r 
1 d'*r’ 
giln= f V-v(r’). (5) 
4nJ ir—r’ 


We designate as characteristic solutions the solutions of 
the homogeneous equations 
V°Ao(r)=0, Vv? oy r)=0. (6) 
We decompose v(r) into three parts, the ‘ransverse, 
longitudinal, and characteristic components, defined as 
(lo)v(r)= —Ve(r), 
(ch)v(r)=VXAo(r)—Veo(r), (7) 


(tr)v(r)=VXA;(r), 


where 


V-(lo)v(r), 
Ve(ch)v(r)=0. (8) 


VXv(r)=VX(tr)v(r), V-vi(r) 


(4), (5), and (6) yield a unique representation of v(r) 
when the boundary conditions are suitably specified. 
We next consider the orthogonality of the three 
components of the velocity over a given region of space; 
we shall show that it depends only on the boundary 
conditions. Moreover, if we choose (ch)v=0 over the 
surface of the region, (ch)v vanishes everywhere within 
the region because it satisfies Laplace’s equation (8). 
From (7), using some well-known vector identities, 


farcry doy 
~ fa VX Ai) - Ver - fave-- ven) 


+ fas A. (lo)v; (9) 


“(lo)v-(ch)v 


fa Tei: TX Aot fa Vei-Vore 
- fa v-(A xVe)+ fat V-(gi¥ go) 
- fas. (AcXVe:) + [ a8- ever 
: +f a8-vx (ods) fas: (ch) v¢; 
~ f a8-(ch)ver; 


bea 


(10) 
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favcayy. (tr) 


= favexayvxar— favver-0x A; 


= favev- [Aix (9x Ad) AVX (VAD) 
- favy- (xv) 


= f a8: Ax (ny. (11) 


Thus, orthogonality of the three components may be 
achieved in a finite space by suitable choice of boundary 
conditions. 

The resolution of v into characteristic, transverse, 
and longitudinal components separates in a clear way 
the motions of the fluid according to their means of 
propagation : 

The characteristic component, satisfying Laplace’s 
equation, is a potential type field, and, barring singu- 
larities within the region, is propagated by potential 
gradients of external origin. 

The transverse component is propagated convectively 
with velocities of order v, as represented in (v-V)v; 
correspondingly the analysis of incompressible turbu- 
lence into Fourier components or ‘“‘waves’’ is a purely 
formal device. wer 

The longitudinal velocity is in part a potential flow 
of internal origin, as indicated by (23) below, and in 
part a wave motion propagating with the velocity of 
sound [see (24) and (28) below]. As we shall show, 
however, for low Mach number the acoustical radiation 
is usually of such low-energy density that the net 
energy transport may be neglected. 

To demonstrate these statements, we start from the 
hydrodynamic equation, 
dv/dl= —(1/p)Vp—(v¥-V)v+(v/3)V(V-v)+eV*v, (12) 
and the equaticn of continuity, 

(1/p)Dp/Di= —V-v, (13) 


where D/Dt is the substantial derivative 0/d/+-(v-9¥). 
In terms of (tr)v, (lo)v, and (ch)v, they may be written 


dv/dt=—(1/p)Vp—(v-V)v 
+ (4v/3)VLV- (lo)v ]++V*(tr)v, 
(1/p)Dp/ Dit= —V- (lo)v. 


(14) 
(15) 


To obtain equations for the individual components 
we first note that (ch)v can be computed from (8). 
To obtain an equation for (tr)v, we take the curl of 
(14). Using the vector identity VX[(v-V)vJ=—V 
xX vx (VX) ], we obtain the usual vorticity diffusion 
equation 


De/ Dt= (@-V)v— eV - (lo)¥++V*o, (16) 
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where 


@o= VX v=VX (tr)v=—V*A). (17) 


To obtain (lo)v we note that at low Mach numbers 
(lo)v|<«| (tr)v|+|(ch)v!. Thus, omitting all terms 
in (lo)v we take the divergence of (12) and obtain 


V2p= —pV-[(v¥-V)v]+OL[(lo)v]. (18) 
Using the vector identity 
V-[(v-V)v J=02(02/2)—V-(vXw)+O[(lo)v], (19) 
we obtain 
V2p= —V?(pr®/2)+pV- (vXw)+Of (lo)v] (20) 
= — V?(pr?/2)+pu*—v-(VXw)+O[(lo)v]. (21) 


(20) or (21) gives p in terms of v. If we denote the 
speed of sound by C, so that 


C =dp/dp, (22) 


then (15) may be rewritten to give the velocity potentia 
of the longitudinal component 


V7 ¢,= (1/ pl *)Dp Dt. (23) 

Finally, consider the portion of ¢), or (lo)v that is 
acoustical radiation. Suppose that we write p as the 
sum of two parts, II and r. Let w represent the weak 
pressure fluctuations responsible for accelerating (lo)v 
in flows of low Mach number; then r<II. It follows 
that the dynamical equation for (lo)v or ¢; may be 
written 


(D/Dt)(lo)v= —(D/D)Vei.=—(1/p)Ve (24) 


if we neglect the dissipation of (lo)v by viscosity. The 
operator (D/Dt)V may be written as V(0/0t) plus terms 
representing the transport of (lo)v from one place to 
another by (tr)v and (ch)v. Such terms are scattering 
terms and in the sequel will be indicated only by (s.t.). 
They are of no particular interest for our purpose and 
may be found elsewhere.* Thus (24) may be rewritten as 


V(d¢,/dt) = (1/p) Var (s.t.), (25) 
and, neglecting the scattering terms and variations in 
p, we have 


0¢;/01=2/p+ (s.t.). (26) 
Thus, (23) may be rewrittén as 
1 &#y, 1 DIl 141 Dr 18@¢, 
Ya-——= + ~ J+ (sx) 
C? 0F pC? Di Clp Dt p oF 
1 DO 1 {Dx Ox 
= + ( _ J+) 
pC? Dt pCe\ Di at 
1 Di 
= +(s.t.). (27) 
pC? Dt 
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The solution of (27) is 
~ 1 | r 
a= — bh (28) 
pC? Dt 


where [ |? represents the retarded integral. It can be 
shown’ that [ }* is just the operation singling out the 
Fourier components of II for which C|k| =a, and so, 
as is also clear from (27), (28) gives the radiative por- 
tion of (lo)v. k represents the wave vector, of magni- 
tude 27/\. The relation (27) or its equivalent was ob- 
tained previously by Lighthill® and by Parker* by a 
much more lengthy derivation. 

Denoting the particle velocity associated with the 
acoustical radiation by u(r,/), we use (28) to compute 
the radiation at a large distance R from a source. Then 


1 dv’ ;Dft 
u=—Vei=+- v | (29) 
4rpC* |R—e'|l Dt Jo-jr-ri/o 
e, f dv’ K =] 
4arpCl® R—r'\ldt Dt Ju-jr—ri/cy 


+0(R*). (30) 
To estimate the energy radiated by a single eddy of 
scale L, we note from (21) that the fluctuation in p is 
of the order of 
bp~pr*. 


The characteristic time is L/2, so that 


Dit pw!’ asDil put 
~~, ( )~ : (31) 
DL aNDt p 
(30) gives 
u(R) | ~0(L/R)(0/C)*. (32) 
(23) gives 
u(R)|~| (lo)v! (v/C) (33) 


for the radiation from the volume L‘ of the eddy. Thus 
the ratio of u to the transverse velocity is of the order 
of the cube of the Mach number for turbulent flows; 
only the fraction 2/C of (lo)v is radiation. If, on the 
other hand, we were to consider a forced periodic flow 
where the amplitude of the motion of each individual 
particle is of the order of / and make /<L, it is easily 
shown that dv/d>>(v-V)v; u(R) may then be tery 
much larger than the result given in (33). 

To understand why in the case of turbulence only so 
small a fraction of (lo)v is radiation, we note that the 
characteristic frequency, for turbulence and the associ- 
ated longitudinal velocity, is 


w~(2x/L)o~k, 
where & is the wave number, of the order of 2x/L. But 


for acoustical radiation kC=w. Thus w is too low by a 
factor of 2/C to give radiation. 





*E. N. Parker, Phys. Rev. 90, 240 (1953). 
*M. J. Lighthill, Proc. Roy. Soc. (London) 211, 564 (1954) 
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IL HYDROMAGNETICS 


Let us next consider the generation of hydromag- 
netic Such waves are a form of transverse 
motion, as we shal] show presently, and we may there- 
fore expect that they will appear in more copious 
quantities than the longitudinal acoustical waves. It 
will moreover be shown that in the presence of a strong, 
large-scale magnetic field essentially all of the fluid 
motion may be represented as a hydromagnetic wave 
field. 

To illustrate the nature of hydromagnetic or Alfvén 
waves, consider the hydromagnetic equations for a 
perfect fluid. 


waves. 


OB/dt=TX (vB), dv/di+(v-V)v 


= —(1/p)Vp+(1/up)(VXB)XB. (34) 


Let the large-scale field be a uniform field 
By = Boe, 


where e, represents a unit vector in the x direction, 
and let us introduce a magnetic disturbance b=bde, as 
a result of the velocity vey. The assumption of the 
parallelism of v and b is based upon the well-known 
theorem that for infinite conductivity the magnetic 
field is carried bodily with the fluid particles. The 
hydromagnetic equations reduce rigorously to 


0b/dt= Bydv/ dx, d0/dt= (Bo/up)db/ax 


~(1/p)¥(p+b?/2u). (35) 


Taking the divergence of the equation for dv/dt we 
obtain for the present, incompressible case, 

V(p+h 2u)=0. (36) 
p+6*/2u has no singularities. Its Laplacian vanishes, 
and hence it is equal to a constant. The equation 
for dv/dt reduces to 


00/dt= ( Bo/ up) (0b/ dx). (37) 

Eliminating either 6 or » between (35) and (37) results 
in the homogeneous wave equation 

0 / (Ax)? — (up/ Be? )82/dF =0, (38) 


and the same equation for 4, satisfied by transverse 
Alfvén waves." 

Let us now consider the problem of general hydro- 
magnetic motions. For low Mach (lo)v 
small and was investigated in the previous section. 
Thus, we shall omit (lo)v from our discussion. 

(ch)v must be zero since it satisfies Laplace’s equa- 
tion and vanishes on the boundaries. The divergence of 
the magnetic field B is zero, so that (lo)B vanishes 
identically. Consider now a large region filled with a 
homogeneous incompressible inviscid fluid with a large 


numbers is 


“H. Alfvén, Cosmical Electrodynamics (Oxford University 
Press, London, 1950) 
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electrical conductivity ¢. Across the region, let there be 
some large-scale irrotational magnetic field B= (ch)B. 
Such a field will be in equilibrium, exerting no forces 
on the fluid since the ponderomotive force (VX B)XB 
vanishes. 6B/dt is zero wherever v vanishes; further- 
more, (ch)B satisfies Laplace’s equation and hence 
6(ch)B/dt vanishes everywhere. In the vicinity of the 
center of the region let the fluid be in motion, inter- 
acting with B so that 6B/d:~0 and YX B~0. We now 
may set 

B= (ch)B+ (tr)B. 


= (try, (39) 


Using (39), Eqs. (34) for v and B may be written 


4(tr)B/at=VX[ (tr) vx (ch)B] 


+VxX[(tr)vx<(tr)B], (40) 
a(tr)v/dt= —[(tr)v-V](tr)v—(1/p)Vp 
+(1/up) [VX (tr) B]x (ch)B 
+(1/pp)[VX (tr)B]x (tr)B. (41) 


We now take the curl of (40) and (41) so as to eliminate 
p. We define the vectors w and Q as the curls of the 
velocity and magnetic field, respectively," 


o=VX(tr)v, Q=VX (tr)B. (42) 
Using standard vector identities we readily obtain 
dQ/dt=9X {[(ch)B-V](tr)v—[(tr)v-V ](ch)B} 
+0x(Ux[(tr)vx(tr)B]}, (43) 
dw/dt= (1/up){T (ch) B- 9 ]Q+ (Q-9)(ch)B} 
+(1/up) VK lQ~x (tr)BJ+Vx([(tr)vxX@]. (44) 


We have assumed that (ch)B is a large-scale field. 
This implies that derivatives of In(ch)B are small 
compared to derivatives of In(tr)B and In(tr)v. Neg- 
lecting the derivatives of (ch)B, (43) and (44) reduce to 


6Q/dt=[(ch)B-Vjo+TX VX (tr) vx (tr) B], (45) 
dw/ t= (1/up)[ (ch) B- 9 ]Q+ (1/up)VX[Qx (tr) B] 
+VX[(tr)vXe@]. (46) 


Differentiating (46) with respect to ¢ and using (45) 
to eliminate 0Q//d1, we obtain 


#w/dl— (1/yp)[ (ch) B-V Po 
= Ff (ch)B, (tr)B, (tr)v], (47) 
where F represents the sum of a rather large number of 
terms; the terms are nonlinear in (tr)B and (tr)v and 
are of order zero or one in (ch)B. 
Since we are already neglecting derivatives of (ch)B, 
we may rotate the coordinate axes without further loss 


"Tt is possible to carry through the development in terms of 
(tr)v and (tr)B instead of their curls. The procedure of first 
taking the curls is considerably simpler; it was suggested to the 
author by Dr. A. Schliiter. @ and Q determine (tr)v and (tr)B. 
ch)B is, of course, independent of Q. 
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of generality, so that, at least locally, 


(ch) B= e,Bo. (48) 


Then (47) reduces to the inhomogeneous wave equation, 
Fw/dP— (1/C?)0*w/dx*= FL Bo, (tr)B, (tr)v], (49) 


where C= Bo(up)~* is the velocity of propagation. In 
like manner it can be shown that Q satisfies an equation 
of the same form. 

Thus, we have shown that hydromagnetic motions 
in the presence of a strong field By may be represented 
by a super-position of hydromagnetic or Alfvén waves. 
The term on the right-hand side represents the inter- 
action (or creation and annihilation) of the component 
waves through the nonlinear terms of the hydromag- 
netic equations. The nonlinear terms result in dispersion 
and scattering, as well as a lack of complete equi- 
partition of energy between (tr)v and (tr)B. 

If (ch)B is of the same order or is smaller than (tr)B, 
then F is of the same order as the individual terms on 
the left hand side of (49); F is so complicated that in 
this case the hydromagnetic wave formulation implied 
by (49) becomes of forma! interest only. But, on the 
other hand, if | (ch)B) >>! (tr)B|, then (49) reduces to 
a homogeneous wave equation, F becoming small as 
compared to the individual terms on the left-hand side. 
In this case 

Be/2u>>pr*/2. (50) 

The energy density of (tr)B will at least not exceed 

the order of magnitude of the energy density of (tr)v 
and so 

eL(tr)v FP, ((tr) BP/u«KBe/p. (51) 

Terms of zero and first order in (ch)B will be smaller 
than second-order terms. The terms of which F is 
composed, therefore, can presumably be made smaller 
in order of magnitude than the term [(ch)B-V Fe in 
(47), so that in place of (49) we have the homogeneous 
wave equation 


Pw/dx°— (1/C*)Po/dP =0. (52) 


To justify this presumption, we note that F may be 
written 


FU (ch)B, (tr)B, (tr)v]= (1/up)[(ch)B- V7] 
{VX VX[(tr)vX (tr) B]} + (1/up) (0/d0)9 


x [Q~x (tr)B)+(d/a)0x([(tr)vxXw). (53) 


Since in the general case (52) implies that a hydro- 
magnetic field may be regarded as a superposition of 
interacting hydromagnetic waves, we specialize to a 
single wave, of characteristic frequency ». From (52) 
we see that the characteristic length is C/v. Thus, in 
order of magnitude we may write 


Vi~w/C, !el~(r/C)| (trv, 


|Q\~(»/C)| (tr)B}. (54) 
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(53) then gives the order of magnitude of F as 





od ‘tr)B 
\F|~~ cu ” 
C a 


B 


(tr)» 
a> can ee 
(up)~*(tr)B 


(up)~*(tr)B 
x14 ae 
(tr)o 


The individual terms on the left-hand side of (47) are 
both of the order of (v*/C)(tr)». Thus F is smaller by a 
factor (tr)B/ Bo, and we have justified (52). 

Had we assumed, on the other hand, that there were 
solutions in which the characteristic length was inde- 
pendent of Bo, we would have arrived at the trivial 
result that w=0. 

Liist and Schliiter have demonstrated an inter- 
esting type of propagation of hydromagnetic disturb- 
ances which is not included in the above development 
because the fluid which is propagated is not penetrated 
by the large-scale magnetic field. Imagine a classical 
vortex ring in a field-free inviscid fluid. Such a ring 
propagates parallel to its axis and with a velocity of the 
same order as the fluid velocity. The interior and the 
exterior of the ring are isolated from each other in that 
no flow lines connect them. By adding rotation around 
the axis of the ring and making minor adjustments in 
the configuration of the velocity within the ring, it is 
possible to make the velocity v parallel to its curl. 
Schliiter then shows that it is possible to introduce a 
magnetic field B which is everywhere proportional and 
parallel to v. And just as the ring is isolated from its 
surroundings by v, so is the magnetic field within the 
ring not connected with the surroundings. Further 
vx (vB) and (VXB)XB both vanish. Hence the 
initial condition that v, B, and VXB are all parallel 
is preserved, since 0B/dt vanishes, and the field exerts 
no force on the fluid. The result is that the vortex ring 
propagates according to the hydrodynamic equations 
in the absence of a magnetic field and carries with it its 
internal magnetic field. It is very likely, however, that 
this type of solution of the hydromagnetic equations is 
of less physical interest in our present context than the 
wave solutions derived previously. 


Ill. ENERGY TRANSPORT IN THE GALAXY 


We have investigated the transport of mechanical 
energy through a fluid in the weak-field or hydro- 
dynamic limit and in the strong-field or hydromagnetic 
limit. We shall now attempt to decide which of the 
several transport processes predominates in the arms 
of the galaxy. 

Consider hydrodynamic transport: There is the 
bodily transport of energy by (tr)v and (ch)v, in which 
the energy is transported with the velocity of the fluid 
motions. There is the transport of energy by acoustical 


 R, List and A. Schiditer, Z. Astrophys. 34, 263 (1954). 
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waves at the velocity of sound: If the Mach number of 
the fluid motion is small, the acoustical transport 
velocity is large compared to the fluid velocity, but 
the acoustical energy density is so small that the net 
transport is low; if the fluid motion greatly exceeds 
the velocity of sound, the motion is essentially a system 
of strong shock waves, and energy is transported at a 
velocity of the same order as the fluid velocity. Thus, 
in the hydrodynamic case the transport of significant 
amounts of energy is essentially bounded by the order 
of magnitude of the fluid velocity. 

The observed" irregular gas velocities in the spiral 
arm of the galaxy are of the order of 5 km/sec, which 
is essentially an upper limit on the hydrodynamic 
transport velocity. The motion is, incidently, highly 
supersonic in many regions because the temperature” 
is of the order of 50 or 100°K except near early type 
stars. The velocity of sound is, accordingly, of the order 
of 1-2 km/sec. 

Consider next hydromagnetic transport: For the 
hydromagnetic or strong-field limit we have shown that 
the equations reduce to a homogeneous wave equation, 
(52), giving a wave velocity Bo(up)~* which is also the 
group velocity, since there is no dispersion of these 
waves. In the spiral arm of the galaxy in the vicinity 
of the sun, Bo~6X 10~* gauss'* and p~2X 10 g/cm?,'* 
corresponding to one hydrogen atom per cm’. Bo(up)~! 
is then about 12 km/sec. We see that Bo(up)~! exceeds 
the fluid velocity of 5 km/sec. This demonstrates that 
the magnetic field in the spiral arm, which is now 
generally assumed to exist, is a strong field in the sense 
of (50), justifying the use of (52), and that hydro- 
magnetic transport dominates hydrodynamic transport. 


IV. ACCELERATION OF COSMIC RAYS 


With the observed magnetic fields in the spiral arms 
of the galaxy, which are strong in the sense given to this 
term in (50), the irregular motions may be regarded as 
hydromagnetic or Alfvén waves with weak mutual 
interaction. There are, of course, gravitational fields in 
the spiral arms due to the large-scale variations in the 
distribution of matter. These fields will complicate the 
propagation of the hydromagnetic waves and will make 
possible gravitational waves of various kinds,""* but 
it does not seem that they can alter the essentials of 
the problem. Thus, the problem of the acceleration of 
cosmic rays reduces essentially to a consideration of the 
interaction of a cosmic-ray particle with a hydromag- 
netic wave. 

Consider, then, the motion of a particle with charge 
q, Test mass m,, and velocity w moving in a region filled 


% A. Blaauw, B. A. N. 11, 405 (1952). 

™ M. Savedoff and L. Spitzer, Astrophys. J. L11, 593 (1950). 

%S. Chandrasekhar and E. Fermi, Astropkys. J. 118, 113 
(1953). 

J. H. Oort, Astrophys. J. 116, 233 (1952). 

7S. Chandrasekhar and E. Fermi, Astrophys. J. 118, 116 (1953). 
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with a conducting fluid with velocity v(r,t). The ve- 
locity of the fluid is everywhere assumed to be small 
compared to the speed of light, c, though, of course, w 
may be comparable to c. Since we are interested only 
in the accelerating mechanism, we shal] neglect dissi- 
pative losses due to the rapid passage of the particle 
through the fluid. A discussion of the energy losses 
may be found in the literature.’ 

Elsasser'® has shown that the electric field associated 
with the fluid is related to the magnetic field by 


E=—(vXB)[1+0(1/R,) J. 


R,, is the magnetic Reynolds number; 1/R,, goes to 
zero in the limit of infinite electrical conductivity of the 
fluid. The electric field E’ in the frame of reference 
moving with the fluid is 


E’= (E+vXB)[1+0*(0/c) ]=O(1/R,.) 


and so may be made vanishingly small. Thus (57) rules 
out the possibility of accelerations by an induced static 
electric field. 

There remains Fermi’s mechanism** wherein the 
acceleration is brought about through the cumulative 
effect of many essentially random fluctuations of small- 
scale fields, rather than by a continuous acceleration 
in a large-scale field. From (56) we have the rate at 
which the field does work on the particle as 


dW /dt=qw-E=—qw-(vXB). 


(56) 


(57) 


(58) 


Since the magnetic field By in the spiral arm of the 
galaxy exceeds the energy density of the fluid motions, 
the fluid motions satisfy the homogeneous wave equa- 
tion (52). Under the same assumptions, Eqs. (45) and 
(46), from which (52) was derived, reduce to 


O(tr) B,/dt= Bod (tr)2,/ 0x), 

O(tr)v,/dt= (Bo/up)d(tr)B,/dx, (59) 
where i= (1,2,3). From (52) we see that (tr)v may be 
written in the form 


(tr)ta=fa(*itCiha(x2,X3) (a= 1,2,3) (60) 


(without summation convention for a). Putting (60) 
into (59), we find that 


(tr)x.=+(C/Bo)(tr)B,, (a=1,2,3), (61) 


that is, the fluid velocity and the perturbation field are 
parallel. 
Writing the magnetic field, by (39), as 


B= By + (tr)B, (62) 


(58) reduces to 


dW /dt= —qw-(vX Bo) = —qw,r, Bo, (63) 


where v, and w, represent the components of v and w 
perpendicular to By. We see that dW /dt depends on 
the components of the particle velocity w and the fluid 
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velocity v which are perpendicular to By, and does not 
depend directly on the velocity of propagation of the 
hydromagnetic waves or on the perturbation field (tr)B. 

The time 7 over which the acceleration occurs is of 
the order of the reciprocal of the cyclotron frequency 
w, or 


r~w t= (m,/qBo) (1—w*/e)-4, (64) 


where m, is the rest or proper mass of the particle. Thus 


awe f au(aw /at)~(aW /atyr 


~wyrym,(1—w*/c)-4. (65) 
If we limit ourselves to extreme relativistic particles so 
that w, is a sizeable fraction of c, then 


AW/W~1,/c. (66) 


W represents the total energy of the particle, 
m yc? (1—w*/c?)-4. 

Collisions where w, and v, have opposite sense 
initially (head-on collisions) are more probable than 
where they have the same sense (overtaking collisions) 


by a factor 


x= (w,+1,)/(w,—v,) = 14+20,/w,+0"(0,/w,). (67) 


Since AW is an odd function of the product w,1,, it 
follows that the mean energy gain per interaction is 


(AW ) w= (x— 1)! AW | = 2mv,’, 


(AW )u/W=2(v,/c)2. (68) 


We see from this that the same rate of acceleration 
is obtained whether we regard the galactic magnetic 
field as containing moving magnetic clouds? or whether 
we regard the irregular magnetic fields and fluid motions 
as hydromagnetic waves propagating along the field. 
In addition we have been able to show in a general way 
that it is the fluid velocity », perpendicular to Bo, 
rather than the velocity of propagation of the hydro- 
magnetic waves or the fluid velocity parallel to By 
which is responsible for the acceleration. The per- 
turbation field (tr)B contributes indirectly, of course, 
in that it constitutes the magnetic inhomogeneities 
responsible for the reflection of the particles as they 
spiral along By. Thus, if (tr)B/B) became too small, 
there would be little or no reflection, and no accelera- 
tion of charged particles. 

Let us summarize the essentials of the above hydro- 
magnetic treatment of the acceleration of cosmic-ray 
particles in the arms of the galaxy: We have adopted 
the model of the galactic magnetic field used by 
Chandrasekhar and Fermi.'*"’ The field is assumed to 
be fairly uniform, threading lengthwise through the 
gas making up the spiral arm of galaxy, like the string 
in a string of beads. We postulate that irregular motions 
are generated in the gas clouds in the spiral arms. Oort’s 
mechanism of ejection of gas clouds from near O and B 
stars may be largely responsible for these motions. The 
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gas motions are propagated from their regions of origin 
as hydromagnetic waves along the relatively intense 
magnetic field in the arms. Cosmic-ray particles are 
accelerated by the magnetic field carried by the fluid 
velocity of these waves, in a manner equivalent to 
Fermi’s mechanism. The galactic magnetic field serves 
only as a conduit along which flows, in the form of 
hydromagnetic waves, the very large quantity of 
energy required for the particle acceleration. The en- 
ergy transmitted in this way by the galactic field may 
be many times the energy of the field itself. Using the 
estimates of the acceleration energy given by Morrison 
et al. we find that a galactic field of 6 10~* gauss has 
an energy density corresponding to only about (3/2) 
X10’ years of cosmic-ray acceleration. This is to be 
compared with the period of galactic rotation of 2X 108 
years. 


V. PROPAGATION OF HYDROMAGNETIC WAVES 


The propagation of hydromagnetic waves in a homo- 
geneous large-scale field has been discussed at length 
in the literature” and need not be repeated here in 
detail. 

For hydromagnetic waves in a homogeneous field Bo, 
the fluid velocity »,; and the magnetic field 6, of the 
waves are related by 


v= + (C/Bo)b,, (69) 
where C is the wave velocity Bo(up)~! in mks units. », 
and b, satisfy 


8? (0;,b,)/ (021)? — (1/C*)8*(0,,b,)/0F =0, (70) 


4(0,,b;)/dx,=0. (71) 


Without loss of generality we have chosen the large- 
scale field to be in the i=1 direction. 

When the large-scale field is not intense compared to 
the field of the waves, we have motions which are 
hydrodynamic in character in addition to hydromag- 
netic waves, (70). But when the large-scale field is in- 
tense, the wave solution represents the complete solution 
of the hydromagnetic equations. 

In order to investigate dissipation of hydromagnetic 
waves due to the fluid viscosity y and the magnetic 
viscosity, ¥,=1/uo, where o is the conductivity, we 
shall restrict ourselves to plane polarized waves. Let 


b= 6,2, (72) 


;= 5422, 


where 4, is the Kronecker delta. » and } are assumed 
to be functions only of x,. Then, in a homogeneous field 
the hydromagnetic equations reduce to 


ab Ov #b dv Bo db Fv 
= By —— = Vag — > “= —-+ »- 
at Ox (dx)? ar up Ox, (dx,)? 
*S. Lundquist, Phys. Rev. 76, 1805 (1949). 
™ S. Lundquist, Arkiv. Fysik. 5, 297 (1952). 


(73) 
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(73; is readily solved if »,,.=» or if either y, or v is 
negligible. If »,.<v», we differentiate the second equa- 
tion with respect to ¢ and use the first to eliminate db/dt: 


Fv I ee 
=C* +y : 
Ole (Ax,;)* (Ax;)*0r 


A similar equation is obtained for } if vx<v,. If »,.=v, 
the symmetrized form‘ of the equations may be used.” 

We assume solutions of the form expi(wf+éx). If » 
and yv, are small enough that the waves are not seri- 
ously damped in distances of the order of one wave- 
length, then the distance / over which the amplitude 


will decay by a factor of e is 


(2C3/ wo if mK 
l=+ C/n? if m= (74 
(2C*/ mt” if Y_>>Yv. 


An analytical treatment of the propagation of hydro- 
magnetic waves in an inhomogeneous field is compli- 
cated and has been deferred to the appendix. It will be 
sufficient for the present to assume, after Alfvén," that, 
in a region where the fluid density and the large-scale 
magnetic field By are slowing varying functions of 
position, reflection is negligible, and the energy trans- 
port of the hydromagnetic waves is parallel to the 
field. Since the wave is a harmonic motion, the kinetic 
energy density pv*/2 and the magnetic energy density 
b?/2u are equal. The energy flux per unit area is ® 
=(Cpt*, which might be written 


b= Buy loth = Buy to 4b, 


If the flow of energy is everywhere parallel to Bo, then 
® is proportional to By and p*4:* and p~'d* must be 
independent of position. Then vap~* and bap*', and 
both v and 6 are independent of Bo. 

In their discussion of the motions of the interstellar 
medium necessary to give general acceleration of cosmic 
ray particles over the galaxy, Morrison, Olbert, and 
Rossi' concluded that velocity fluctuations of 120 
km/sec over distances of the order of 1 light year 
were needed. In terms of our hydromagnetic wave 
formulation this means velocity amplitudes of the order 
of 120 km/sec and a wavelength of 2 light yr. The 
large-scale magnetic field along the spiral arm of the 
galaxy is of the order of 6X10~* gauss. With one hy- 
drogen atom™ per cm‘, the velocity of propagation is 
12 km/sec. The period of a wave for which \=2 light 
yr is only 5X10 years and the displacement amplitude 
is of the order of 3 light yr. The dissipation of hydro- 
magnetic waves in the interstellar medium (neglecting 
compressibility effects) is due primarily to the vis- 
cosity of the fluid.” In regions of neutral hydrogen the 
temperature is of the order of 100°K. With one hydrogen 
atom per cm’, the mean free path is 10°* cm or 70 a.u. 

= W. M. Elsasser, Phys. Rev. 79, 183 (1950) 
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The kinematic viscosity is of the order of 0.5X 10” 
cm*/sec. The decay length for waves for which A=2 
light yr is 5X10 light yr. In a region of ionized hydro- 
gen, v is larger by a factor of ten so that the decay 
length is 5X10 light yr. 


VI. DYNAMICAL REQUIREMENTS 


The observations of the Doppler shift in the ab- 
sorption lines of the interstellar medium detect velocity 
fluctuations of the order of 5 km/sec with a scale of 
100 parsecs (1 parsec=3.24 light years). Oort* and 
Spitzer® have shown that the radiation from early type 
stars (7 >8000°K) may disrupt®® the interstellar gas 
structures sufficiently to produce these velocity fluctua- 
tions, as well as to supply the energy for the accelera- 
tion of cosmic rays, each requiring about 10-7 
erg/cm?/ sec. 

The interstellar medium, composed largely of neutral 
hydrogen, at 100°K," strongiy absorbs radiation be- 
yond the Lyman limit, becoming ionized as a result. 
Ionized hydrogen, which under these conditions will 
have a temperature of the order of 10 000°K, does not 
strongly absorb ultraviolet radiation. Hence there is 
usually a sharp division between the region of ionized 
gas and the cool neutral! gas. The ionized region about 
an early type star is called the Sirémgren sphere. 

Oort and Spitzer point out that in passing by an 
O, B, or A star, the side of a gas cloud facing the star 
will be rapidly ionized and heated, the temperature 
and pressure increasing by a factor of as much as 100. 
The hot layer expands rapidly, exposing a fresh cool 
layer underneath. The gas cloud rockets away from the 
star, achieving velocities up to 30 or 40 km/sec. It is 
also pointed out that a number of O-stars formed simul- 
taneously within a large cloud will explode the cloud, 
producing fragments with velocities of the order of 30 
km/sec. 

Estimates indicate that the mechanism is barely 
adequate, and, indeed, if we assume the rapid accelera- 
tion requirements of Morrison ef al. the mechanism 
may be too weak to supply the cosmic-ray acceleration 
energy. The expanding clouds around O associations 
have velocities of the order of 30 km/sec and diameters 
of the order of 100 parsecs. So far as the author is 
aware, the expansion mechanism is the only process 
yet conceived that has possibilities as a significant 
source of energy for the motions of the interstellar 
medium. The rotation of the galaxy is a huge reservoir 
of mechanical energy, and we shall find it convenient 
to use as a standard of comparison, but there is at 
present no obvious way in which this energy can be 
converted to the relatively small-scale motions of the 
interstellar medium. 

The question before us now is whether there is suffi- 
cient energy available to maintain the motions of the 
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interstellar medium, required for the acceleration of 
cosmic rays throughout the galaxy, and whether there 
is a process which might transform the relatively 
large-scale low velocity motions resulting from the 
mechanism of Oort and Spitzer into the required short- 
wavelength high-velocity fluctuations. 


A. Dissipation by Compressibility 


Consider first the dissipation of motions of the order 
of 120 km/sec with a scale of 1 light yr. The galactic 
magnetic field is relatively weak (corresponding to 12 
km/sec) and the motions are tremendously supersonic. 
The thermal velocity of the hydrogen atoms composing 
the interstellar medium is of the order of 1.6 km/sec 
(100°K). Thus, if such velocity fluctuations exist, they 
are either purely plane polarized shear waves (plane 
hydromagnetic waves) or else they are shock waves. 
To assume the former is admittedly artificial, but, if 
the latter, then the characteristic time of dissipation 
is of the order of the time required to travel one or 
two light yr at 120 km/sec, no more than 5X 10° years. 

Now 120 km/sec and one hydrogen atom per cm! is 
an energy density of 3X10~ erg/cm’. If the shock 
wave fluctuations last even 10* yr, an energy input 
of 10-™" erg/cm® sec is required to maintain them, 
which is to be compared with the energy available from 
the disruption of gas clouds by early type stars, and 
needed to accelerate cosmic rays, both of the order of 
10-7 erg/cm sec. 

To compare this energy consumption with the energy 
of rotation of the galaxy, we note that the mass of the 
gas in the spiral arms of the galaxy is comparable to 
the mass of the stars there. 120 km/sec is about half 
the velocity of rotation of the spiral arms. Hence 120 
km/sec small-scale fluctuations of the interstellar 
medium would contain at any one time about } as 
much kinetic energy as the rotation of the star and gas 
system composing the spiral rms of the galaxy. There 
would be enough energy in the galactic rotation to 
maintain the fluctuations for only 4X 10* years! Clearly, 
then, one cannot expect to maintain such a system of 
shock waves. 


B. Dissipation by Viscosity 


Assume that the 120 km/sec velocity fluctuations 
are plane polarized shear waves. Then, in the hydro- 
magnetic equations the nonlinear terms 2,00,/0x;, 
v,0b;/dx;, etc., vanish identically and we have just the 
hydromagnetic wave equation, (70). As was shown 
earlier, the amplitude of hydromagnetic waves with a 
wavelength of 2 light yr, or } psc, will decay by a factor 
of ¢ after propagating 510° light yr. With a velocity 
of propagation of 12 km/sec, this gives a decay time of 
4X 10"* sec (1.3 10 yr) and amounts to a dissipation 
of 0.8X 10-* erg/cm*/sec. The rotational energy of the 
galaxy would be sufficient to supply the motions for 
10° years or about five rotations of the galaxy. The 
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dissipation still exceeds by a factor of 100 the energy 
going into the acceleration of cosmic rays, and avail- 
able from the mechanism of Oort and Spitzer. 


C. Transformation of Velocity and Length 


Consider the transformation of large-scale velocity 
fluctuations in the interstellar medium to violent small- 
scale waves. The above energy considerations eliminate 
all possibilities except that the small scale motions be 
plane polarized hydromagnetic waves (and even this 
artificial case dissipates energy a hundred times more 
rapidly than it seems to be available). The hydromag- 
netic waves satisfy a linear wave equation, so that 
there are no nonlinear effects to which we might appeal 
to break up large-scale motions into fluctuations of 
smaller scale, as for instance in turbulence. We have 
only the variation of the velocity amplitude as p~' and 
the wavelength as By, discussed in the previous 
section. But decreasing p to increase the velocity in- 
creases rather than decreases the wavelengths; By 
would have to decrease by a factor of 800 to reduce the 
wavelength from 30 psc to 2 light yr while increasing 
the velocity amplitude from 30 km/sec to 120 km/sec. 


D. Galactic Acceleration of Cosmic Rays 


We conclude that even under almost ideal conditions 
there is not sufficient energy available to maintain the 
velocity fluctuations in the interstellar medium neces- 
sary (as determined by Morrison ef al.*) for the ac- 
celeration of cosmic rays throughout the galaxy; the 
galaxy, because of its high internal viscosity, is less 
than one percent efficient in accelerating cosmic rays. 
Nor does there exist a general hydromagnetic mecha- 
nism capable of reducing the scale and increasing the 
velocity of the motions to the required 1 light yr and 
120 km/sec. It would seem, then, that we have difficulty 
with the assumption that cosmic rays are accelerated 
throughout the galaxy by collisions with randomly 
moving magnetic fields. 

Consider, then, a later proposal by Fermi’ that the 
cosmic rays are accelerated in magnetic ‘‘traps.”’ Two 
hydromagnetic waves of sufficiently large amplitude as 
to reflect all particles are assumed to be approaching 
each other along the magnetic field in the spiral arm. 
The particles caught between them will be accelerated 
ata very high rate because they experience only head-on 
collisions. Equation (66) gives the energy gain per 
collision as 

AW/W ~»,/c 


for relativistic particles. », represents the component of 
the fluid velocity perpendicular to the galactic mag- 
netic field. Thus, because all the collisions are head-on, 
AW/W is larger by a factor of »,/c than when the 
acceleration is by collision with randomly moving 
clouds. If we assume fluid velocities in the interstellar 
medium of 10 km/sec, then AW/W is of the order of 
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10~*. The calculations of Morrison et al.' would then 
require that the diffusion length be 12 light yr. 
Though 12 light yr is still a little small and 10 km/sec 
may be just a little large to agree with observations,” 
they are certainly close enough as to no longer be 
entirely out of the question. The energy dissipation, 
which is proportional to v*/X?, is smaller by a factor 10° 
than before ; the magnetic trap operates at an efficiency 
of better than 50 percent, so far as losses to viscosity 
are concerned, and the mechanism of Oort and Spitzer 
may be adequate as a source of energy. 

The remaining difficulties must not be minimized, 
however. Fermi’s magnetic trap accelerates particles 
until their motion parallel to the magnetic field allows 
them to penetrate one or the other of the inhomo- 
geneities forming the jaws of the trap. Further ac- 
celeration depends on the motion parallel to the field 
being deflected by sharp magnetic inhomogeneities 
hydromagnetic shock waves**.*’——into a direction per- 
pendicular to the field, whereupon the particle may 
again be caught in a trap and accelerated. The dearth 
of observations of hydromagnetic shock waves prevents 
further comment on this particular aspect of the prob- 
lem. Unfortunately it is not at all clear that traps in 
which the jaws are opening rather than closing will not 
reduce the average of AW/W to v*/c*, just as for ac- 
celeration by collisions of the cosmic ray particles with 
randomly moving hydromagnetic waves. If AW/W 
«= v*/c or less, we are back to the difficulties discussed 
above. 

The difficulties with the acceleration of cosmic rays 
throughout the galaxy leave open several possibilities. 
On the one hand, there may be galactic acceleration 
mechanisms which are more efficient than Fermi’s. On 
the other hand, with the present meager knowledge of 
stellar magnetic fields, cosmic rays may be of more 
local origin than the galaxy, originating either in the 
vicinity of the solar system or in some anomalous region 
in the galaxy. It is interesting to note that the result 
of Singer’s calculations*” on the proportion of He’ 
and He‘ found in certain meteorites is not inconsistent 
with the assumption that the cosmic-ray intensity has 
been much lower over the last 710" yr than it is 
today. 

APPENDIX 


Hydromagnetic Equations in an Inhomogeneous 
Field 


Thus far we have not treated quantitatively the 
effects of the variations of the large-scale field; we will 
now consider analytically the effect of slow spatial 
variation of the large-scale field and of the density of 
the conducting fluid. Introducing these variations as 


* F. deHofimann and E. Teller, Phys. Rev. 80, 692 (1952) 
" H. L. Helfer, Astrophys. J. 117, 177 (1953) 
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small perturbations on the homogeneous case, the 
asymptotic form of the complete solution of the hydro- 
magnetic equations (in the limit as we go to intense 
large-scale fields) may still be represented as hydro- 
magnetic waves, though the amplitude and form of the 
waves may vary during propagation, and the magnetic 
and velocity fields of the waves will no longer be exactly 
parallel, as they are in the homogeneous field case. 


1. Coordinates 


Consider a large-scale magnetic field B; which varies 
slowly with the orthogonal position coordinates x’. Let 
the field be in the i=1 direction and have symmetry 
about the x*=0 plane and about the »*=0 plane. The 
x'-axis will lie along a line of force. We fix our attention 
on the region within a distance a of the x'-axis. Finally 
we assume that within the region of radius a the field 
intensity does not vary in the direction normal to the 
field. Choosing the coordinate x' to lie everywhere 
along the field, the coordinates x* and 2° are everywhere 
perpendicular to the field, and to each other. 

Using the above coordinate system it follows that 


Bi(x!)=5"B(x'), (1) 


where 6 is the Kronecker delta. The lines of force 
become the coordinate lines x*= constant, x*= constant. 

Since the coordinates x‘ are orthogonal, gi; is a 
diagonal tensor and its determinant g is just the product 
of the diagonal terms. Further g''= 1/11, etc. \/g22 and 
£33 become a direct measure of the separation of the 
lines of force in the 2* and 2° directions respectively. 
Since the spacing of the lines of force is independent of 
x and 2°, it follows that gz» and g;; are both independent 
of x* and 24, varying only with 2’. 

The divergence of B' is identically zero. Thus 


B.=0, (2) 
where the semicolon represents covariant differentia- 
tion, defined by 

B, §=0B‘/dxi'+T,;'B*. (3) 

Ij," is a Christoffel symbol of the second kind defined as 

V jai Tyy'= bg" (Og,;/Ox*+0g,,/0x'—dgj/dx"). (4) 
Using (3), together with the identity 


T';'= 4(1/g) (0g/dx’), (5) 
(2) becomes 
0B/dx'+ (B/2g)(dg/dx') =0. (6) 


Integrating, we obtain the familiar result, 
B(x*)y/g(x*) = B(O)\/¢(0). (7) 


Or, in other words, the tensor density constructed from 
B*(x’) is independent of position. 
(7) may be written as 


B(x4)y/g1i(x*) = Boy/g(0)[g22(x")gas(x") F*. (8) 
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The right-hand side is a function only of x'. The left- 
hand side represents the physical component of the 
magnetic field, i.e., (g,;B‘B*)', which we assumed to be 
independent of x* and x*. Thus our coordinates are 
consistent with (2). 

Consider g:;. For convenience we put g::=1 on the 
x'-axis so that x! is a direct measure of distance along 
the axis. In general g,,;~1 off the x'-axis since the sur- 
faces x'=constant are not planes where the large-scale 
field is varying with x'. Thus, the two surfaces x'=6 
and 2'=b+e will have a separation ¢ at the x'-axis; 
away from the axis the separation will be less than « 
if the field is curving away from the axis and greater 
than ¢ if the field is bending toward the axis. The 
separation of the two surfaces is given at all points 
by €&y ‘ei. 

Confining our attention to the x*=0 plane for the 
moment, we let s(d) represent the distance, measure 
along a surface x'=constant, from the x'-axis to x°=d, 
x*=0. Then the angle between the surfaces x'=} and 
a'=b+e at 2=d,x°=0 is —d*s/(dx')?+0%(d). The 
surfaces are parallel at the x-axis and are portions of 
spheres to the order considered. Thus, their separation 
at x*=d, x*=0 has increased from the e at the x'-axis 
to e— (s/2)«d*s/(dx')*. Hence 


V/ g1= 1— (s/2)d*s/(dx')?+0*(d), (9) 
and 


£u=1—sds (dx')?+O0*(d), (10) 


where s=x*\/goo. More generally we write 
= (x*)*g92+ (x3)? 935, 


and drop the restriction of (10) to the #*=0 plane. 

It is readily shown with g,; given by (10) that up 
to and including terms 0*(x*,2*) all components of the 
Riemann curvature tensor vanish. Thus to 0?(x*,x*) 
our space is Euclidean, covariant differentiation is com- 
mutative, and we are taking into account the longer 
transit along lines of force off the x'-axis due to their 
curvature and slope. 

Finally, in our discussion of coordinates, let us com- 
pute the Christoffel symbols associated with the g,;; we 
have constructed. We introduce the conventions that 
we do not sum over repeated Greek indices and that 
the indices a, 8,7 are not equal. From the fact that 
g.; is a diagonal] tensor we find that 

P's,°=0, Tsa*= }fae 'Ofaa/dx*, 

(11) 


’ on 1 1 he ’ — . Ds 
I'gg"= — 3£aa Ogss/OX", Taa*= faa Ofaa/ OX". 


From the fact that geo and g;; depend only on 2', we 
‘2 =P%=Ty'=0. 


Thus, the only nonvanishing components of I'j,' are 
those for which at least two of the indices i, j,k are 
equal and at least one equals unity. 
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It is readily shown that the only nonvanishing com- 
ponents of B.,‘ are B.,* and B,,*: 


B.:'= + (1/9/gu)0(By/gus)/02", 
B..° = — (B/2g22)0g11/d2*, 
B.3= — (B/2gsa)dgur/d2", 
B.2 = + (B/2go2)dgee/dx"', 
B.A = + (B/2gss)0gs3/02". 


For our calculations we need derivatives of the ve- 
locity and magnetic field of the wave only with respect 
to x’, ie., v.;' and 0.,‘°. Thus 


vi Og: 
— + 


v Age 
Ox' 2ge9 Ox® 2ge2 Ax! 


” 
" «* 
‘ 


1 gy ov? 


Ox! 2g11 Ox' 


ov" v! Ogi ? O8s3 


A: rl 2233 ax 2233 ex! 
with similar expressions for 6. ;'. 


1. Hydromagnetic Equations 


If the vector B represents the complete magnetic 
field, (wave plus large-scale components), then in mks 
units the hydromagnetic equations in the absence of 
dissipation may be written 


dB/at= —(v-V)B+(B-V)v—BV-v, (12) 


Ov/dt= — (1/p)V (p+ B?/2y) 


+(1/up)(B-V)B—(v-V)v (13) 


in vector notation. v represents the fluid velocity. If v 
is less than the speed of sound, then dp/dt0 and 


V-(pv)=0. (14) 


If p varies slowly with position, then V-v is small and 
we put 
V (p+ B*/2y)=0. 


If we represent the wave fields by v‘ and db‘, then the 
contravariant components of B become B‘+6‘, where 
B' is the large-scale field discussed above. In the limit 
as gi;B‘B’ goes to infinity, (12) and (13) reduce asymp- 
totically to 


8b‘/at= — vB. + Biv. + B'vp, /p+O(b*/B), (15) 


Ov'/dt= (1/pp) (b'B. + Bb.) 4+-O(b*/ B), (16) 


using (14) to eliminate ».,‘ from (15). 

Differentiating (16) with respect to ¢ and using (15) 
to eliminate 0b‘/d/, we obtain a tensor equation in ¢* 
alone. However, it turns out to involve less algebra if 
we write out separately each component of (15) and 
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(16) before carrying out the elimination. We obtain 


ab! on OB Bo Ogi; 
= B——}7! + 
al ax! J 


1 dp Br 
oB + 
pox' 2 £11 


O£11 
O27 2g: dx* 


17) 


Bb Of11 
)+ 


1 Ox' 


BP dg, Be =] 
2g11 Ox? 2g11 ax 
up 


B 





ol oup 
We see that the equations for the i=2 and the i=3 
components are of exactly the same form; we shall 
henceforth omit the equation for the i=3 components 
since it can be obtained directly from the i= 2 equations 
by replacing the indices 2 by 3 

Differentiating (18) 
(17 


with respect to ¢ and using 


to eliminate the 0b'/d1, we obtain 
on ( 1 AB 1 Of1) 1 ~) 
Ox'\ B dx' £11 ox! p ox' 
:) =~ = 


1 #B 2 dB 1 ap 


B dx')? 
1 ~)) 10B 1 ] 
pox’ B Ax! fi an 


10B 1 dey 


B dx’ p Ox' 


RB ax aT Ar 


10B 1 dg, 1 # gy 


| B éax' £11 ax 2811 ax'ax 


, Ov /1 0B 1 Ages 
> ie ) 
Lego, Ox® = Ox'\Boax' go Ox' 


( OB 1 =") ( 1 Opus ens 
B dx' £2 x 2e1k22 ax? dx? 
1 Og11 O21) 
2g11g22 Ox* Ox* 


Og) 


[° (20) 
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3. Solution of the Hydromagnetic Equations 


The solution of (19) and (20) may be constructed 
from a linear superposition of terms of the form 


v(x? J) =y'(x) exp(iat). (21) 


Then 
ay ay 1 dh(1) 1 dp OY {1 Ogi 
Sees 
(dx')? dx'N\A(1) dx! pax! Ox" \ gi, Ox" 
oY 1 Ogi ow 1 dBy\? 1 B 
(el e(.)- 
Ox'\ ge. Ax° Cc B dx! B (dx')? 
20B1 dp 1 &p (- Op ) 1 0B 1 = 
+ + —_ . — 
Bdx' pdx' p (dx'y p dx! B dx' gu, dx' 
10B 1 Ogi, 1 21 
y ] 
2¢1; Ox*0x8 
10B 1 dgy 1 Ogu 


+y* Ae |-o, (22) 
Bax £11 ox3 2211 ax'ax 


ry W's 1 Ogu oY 1 odh(2) 
(Ox')? Ax" goo Ox? Ox'\A(2) dx! 


rf 


B Ox! £11 Ax? 


10B 1 dgy y 1 Og11 
7 witat4 
Bax £22 Ax? 2 2811822 Ax? 


1 Ogi; O211 
=e ( 


“— ye 
211822 ox ox* 


where 


kA(li)=g,,B= Buy gol £11 £22833)!, 

h(2) = g22B= Bov/go(g22/gsagi)', (24) 
etc. h(2) and h(3) represent the eccentricity of the 
cross section of any given tube of flux in the large-scale 
field. 

We shall restrict ourselves to hydromagnetic waves 
of sufficiently high frequency that the wavelength, A, 
is small compared to the characteristic scale of varia- 
tion, L, of the large-scale magnetic field, \/L<1. Then 
di/ax'~VO(1/d), PY‘/ (x! )*~W'O(1/22) ; 
(1/B)(@B/dx')~O(1/L), (1/B)[eB/ (dx')* } 

~O(1/L?); (25) 
gu~1+O(s?/ L*), 0g;,/0x'~O(s?/L*), 
0g;,/02~0O(s/T?). 
s represents distance from the x'-axis. If we use the 
expression for g,; given in (10), we will be neglecting 
terms in (22) and (23) of the order of (w‘/A*) times 
(A/L)(s/L)*. 





ACCELERATION 


(22) and (23) must be solved simultaneously with 
(14), which may be written as” 
0 


—(pr/ gv‘) =0. 
ox 


(pp’), =0, or (26) 


To effect a solution we note that (22) and (23) may 


both be written as 
Oy*f 1 dh(a) 5'* dp 
, re 
h 


ry" 
os 


(dx')? dx! I 


(a) Ox p dx! 


and (26) as 


0 1 
cartel 
Ox" V 822 


r 
= or ) (28) 
A L 


Suppose now that when /=0, ¥' and ¥ vanish, so 
that we have a plane polarized wave. ¥' and ¥ will not 
remain zero at all subsequent times, but the terms gen- 
erating them from ¥* are of second order in A/L or 
smaller. Thus there will be a period of time of the 
order of L/C following t=0 when W and W are small 
compared to ¥*. During this time (27) and (28) reduce to 


oy 1 odh(2) w Vv d 
4 +y” o( ), 29) 


Ox' h(2) dx! Cc? L 


” fof" 
ez A 30) 
O(x*) X b 


Applying the WKB approximation to (29) we write 


ry’ 


dx')? 


V=exp > R, (31) 


where the subscript denotes the order in A/ZL. (30) 


OR, R, n 
of") 
A L 


implies that 
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since p does not vary in the 2*-direction. Using primes to 

denote differentiation with respect to x’, (29) becomes 

> Ra” +(& Ro + COE R,')A'(2)/h(2) 
+*/C?=O0(A/L). 


Equating to zero terms of the same order in \/Z we 


obtain 
(Ro’)?+a*/C?=0, 


Ro" + 2Ro' Ri + Roh’ (2)/h(2) =0. 


Ro’ = tiw/C, Ry= tie f de’ C: (33) 


2Ri= —InRo’ —InA(2). (34) 


(31) gives 


(4/ £220") = A(po/p)! exp a(t f ao c)}, (35) 


where A is a constant and pp is the density at x=0, 
From (17) we obtain 


+ A (upo)*(p/po)! 


xen io 14 fee c) + a} (36) 


where 6 represents the difference in phase between the 


(1/ £220") 


velocity and magnetic field of the wave; 


Cf 1 OV gna 11 Op 
) 
w\~/go2 dx! 4 p Ox' 


V g220" and ¥/ goob* represent the physical components 
of the velocity and magnetic field of the waves. We note 
that the amplitudes are independent of B and are 
proportional to p*! respectively. This result was first 
obtained by Alfvén by assuming that the energy trans- 
port of the waves is always parallel to the magnetic 
field. Our calculations have justified Alfvén’s assump- 
tion under rather general conditions. A still more general 
solution of (22) and (23) is difficult, but the fact that 
the geometry of a single pulse will change as B varies, 
implies that |4/goov”|/|4/gasv"| is not independent of 
x', and so the components cannot individually be pro- 
portional only to p~*. One expects to find defocussing, 
and possibly focussing, effects upon solving the equa- 
tions to a higher approximation. 
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The corrections from multiple scattering of the photoproduced meson to the usual impulse approximation 
to the elastic photoproduction cross section for neutral mesons in deuterium have been computed. The 
result obtained for gamma-ray energies of 285 Mev and 345 Mev is a depression of the cross section of 
about a factor of two at all angles and at both energies. This is in qualitative accord with experiment. 


1. INTRODUCTION 


HE theory of neutral photomeson production in 

deuterium has been considered by many 
authors,* These treatments were phenomenological 
and based on the impulse approximation ; they therefore 
neglected the possibility of a final state interaction of 
the photoproduced meson with the deuteron. Since the 
meson-nucleon interaction is quite strong, it is expected 
that the cross section will be considerably modified. 
This interaction can be described as the consequence 
of multiple scattering, and has been treated in connec- 
tion with scattering of mesons in deuterium.® In this 
paper we shall extend previous calculations to include 
the corrections to the impulse approximation which 
arise from this effect. 

The method to be described retains the phenomeno- 
logical features of the previous calculations by the 
following assumptions; first, a transition operator is 
used which yields a (2+-3 sin) distribution for 1° 
production from hydrogen. The physical basis for 
choosing this transition operator is the assumption 
that x” production takes place in the state with J=} 
and J=4;* the distribution predicted seems to be in 
accord with experiment.’ Following this model it is 
assumed that the scattering also has a resonance in 
this state. The parameters of the theory then may be 
determined by comparison with the measured transition 
amplitudes for photoproduction and scattering in 
hydrogen. Second, off-the-energy-shell scattering has 
been neglected. It will be seen that the nature of this 
approximation is such as to lead us not to expect 
agreement of more than qualitative nature between the 
theoretical and experimental results. There are several 
reasons for this neglect. First, there is some reason to 
believe that the range of the corrections due to multiple 
virtual scattering is less than that due to multiple real 
scattering, and therefore that most of the correction 
comes from the latter. Second, the present state of 

* Now with Shell Development Company, Exploration and 
Production Research Division, Houston, Texas 

''N. C. Francis, Phys. Rev. 89, 766 (1953) 

7M. Lax and W. Feshbach, Phys. Rev. 88, 509 (1952) 

*G. F. Chew and H. Lewis, Phys. Rev. 84, 779 (1951) 

‘Saito, Wantanabe, and Yamaguchi, Progr. Theoret. Phys 
(Japan) 7, 103 (1952) 

*K. A. Brueckner, Phys. Rev. 89, 834 (1953) 

*K. A. Brueckner and K. M. Watson, Phys. Rev. 86, 923 (1952) 


*E. U. DeWire and G. Silverman, Phys. Rev. 94, 756(A) 
(1954) 


meson theory does not allow reliable predictions of the 
behavior of the scattering amplitudes off the energy 
shell. Since our treatment is phenomenological, it 
seems best to omit this type of calculation. Third, the 
difficulties of solving the multiple scattering problem 
including virtual mesons are very considerable, since 
numerical solution of coupled integral equations is 
required. 

The procedure for the calculation is quite straight- 
forward. A formal solution to the Schrédinger equation 
for the problem is constructed following the method of 
Chew and Goldberger* and of Watson’ and making use 
of approximations similar to the impulse approximation 
to simplify the results. Finally the formal solution is 
evaluated in terms of the known expressions for the 
operators which are involved. The elastic differential 
cross section is computed for photoproduction of #° 
mesons. From these results it is also easy to obtain 
the usual impulse approximation to the cross section, 
so that the effects of the multiple scattering can readily 
be seen. The graphs and numerical results are discussed 
in Sec. II. 


2. FORMAL METHODS 


Notation: Let the two nucleons be numbered 1 and 2. 


h,»=interaction terms in the Hamiltonian between 
the meson field and the nucleon field. 
H,,.=interaction terms in the Hamiltonian between 
the meson and nucleon fields and the radiation field. 
h= hy+he. 
| H=H,+H2. 
Ko= the sum of the free-field Hamiltonians. 
KR’ =h+H. 
=the total Hamiltonian= K+ KX’. 
¥=the solution to the Schrédinger equation for the 
problem. 
¢= the initial state (a deuteron plus a gamma ray). 
1 1 


=, the Green’s function for the problem. 
a E- Kotte 
1 


T=X'+x’— 


-%’, the transition operator for 
a— xX’ 


the problem. 


8 G F ‘Chew and M. L. Goldberger, Phys. Rev. 87, 778 (1952). 
*K. M. Watson, Phys. Rev. 89, 575 (1953). 
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1 
(= h:+h-——A,, the transition operator for scatter- 
a—h; 


ing at nucleon 7. 


T =h;+- Hy (hit Ay) (A+ Hj) 


a—h;—H,; 


1 1 
=| 1+h— Jafr+— i 
a—h; a—h; 


if one neglects terms not linear in H,, the transition 
operator for photomeson production from the ith 
nucleon alone. 

We start from the Schrédinger equation for the 
problem written symbolically in integral form: 


1 


Y=Ypot Ky. (2.1) 
a 


A formal solution to the Schrédinger equation can be 
written, following the method of Chew and Goldberger,* 


as 
1 
[14+ rh 
a 


where the transition operator 7 is, to terms linear in 
the weak gamma-ray interaction H;, 


1 1 
r-[1+i - Jal + al 
a—h a—h 

We now wish to replace the interaction Hamiltonians 

which appear in this expression by the related (and 

observable) transition operators for scattering and 

photoproduction on a single nucleon. To do this, we 

proceed in the following way: first, using the definitions 

for T;, we find that Eq. (2.2) for T is formally equivalent 
to 


1 1 ‘ 
r-[1+h =][t4 
a—h a—h, 
1 : 1 . 
xrf1+— 4s] + [1+ 
a—hy, a—hz 
1 ie 1 
xr 1+- is| |[+ | (2.4) 
a—h, a—h 


We introduce our first approximation by assuming that 


{1+[1/(a—Ay) ay} 114+ [1/(a—A) Ja} 


(2.2) 


(2.3) 


and 
{1+[1/(a—hz) ao} “{1+[1/(a—h) JA) 


are equal to 1. Physically, this means that we neglect 
one nucleon’s influence on the photoproduction at the 
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other nucleon before the gamma ray is absorbed. The 
exchange of these virtual mesons also serves to bind the 
deuteron, and we will include this effect by using the 
correct deuteron wave function. Next, eliminating 
the meson-nucleon interaction terms A; by a series of 
formal manipulations, we are led to the result, 


4: es 1 1 
r=4 1 ty | | T\+ ty r,]+ (12). (2.5) 


ada d ada 


We can interpret this equation for T physically. If 
the denominator were expanded in a power series, the 
first terms in the expansion would be 7 and 7», the 
usual impulse approximation. The next two terms are 
\(1/a)T; and ¢,(1/a)T,. These terms represent the 
first correction to the impulse approximation due to 
one scattering at the other nucleon after photoproduc- 
tion. The other terms represent all higher order correc- 
tions of this type. 


3. COMPUTATION 


We assume that the scattering takes place in P states 
and that photoproduction takes place in S and P states 
as predicted in reference 5. Accordingly, we choose a 
form for ¢; in momentum space: 

‘q\ti|q’)=bq-q'e i(q-q’ rt (3.1) 
where 6, is a matrix in charge space and is also depend- 
ent on energy. We have also a momentum representa- 
tion for 7;, 

(q| Til) = (acy y: qe *e-® “84, (3.2) 
where a; and y,;-q are matrices in charge space which 
contain the spin and energy dependence of the photo- 
production transition matrix |@) is the initial state of 
the system containing a gamma ray of momentum R 
and two nucleons at m and ry. The vector q is the 
momentum of the photoproduced meson. 

To solve our problem we need a representation of 
the inverse operator [1— (1/a)t,(1/a)t, }-' which appears 


in Eq. (2.5). Let 
ii 
y-[1- hy | . 
aa 


Then we find that y satisfies the integral equation 


(3,3) 


3 
y= 1+ yhre-te-. (3.4) 
aa 
In momentum space 1/a is diagonal. 
1 3 1 
(« “)- ni Q— @’). (3.5) 
la| E—wtie 
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We find from Eqs. (3.1) and (3.5) that the matrix 
element of {;(1/a)t, is 


1 
(« byte ‘) = — KG -F-4" q-TeG' Ve 


a 
d'q e4 R 
x fobs ’ 
(27)? E—wt+ie 


where R=r,—r. In evaluating this integral we shall 
retain only the contribution from the pole on the energy 
shell, i.e., we suppose that 5; and 6, have no poles which 
contribute appreciably to the integral. This is equivalent 
to the assumption that the scatterings on the energy 
shell give the principal contribution to the correction 
due to multiple s attering. The evaluation is then 


(3.6) 


elementary and we find that 


eae R 


X biboq- Veg’: Ve 


We have introduced gg as the momentum vector which 
conserves energy with the incident gamma ray and 
ge’+u*)'. Where no confusion can result, gg will 


ws= 
often be called q. If we introduce the functions f and 
g defined by 


f(R) 


g(R) 


we obtain 


: aed 
be ‘)- bibs- (fq-q'+q- Ra’ Rg). (3.10) 


ce 4 


This result can be substituted in Eq. (3.4). We introduce 


an auxiliary function, 


We find the equation for S by operating on Eq. (3.4). 


| ee d'q’ 
S qe andtgs bbs f 
2x 2x)* 


x fq’ +gRq’-R) 


q r 


q yq'¢ 


€ a! R 


3.12) 
l—w' +i¢ 


If we perform the integration and put c;= — (wg/2x)d, 
we find that 


S = qe 4°14 Ss f+S- Ri 2fet+ OR )cx. oR. (3.13) 
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We can solve for § by scalar multiplication by R. The 
resulting equation for S- R is 


1 
q: Re~4°%:, (3.14) 


2 


S-R=— 
1—ccoh 
where we have introduced the abbreviation 

h= {+R’g. (3.15) 


By substitution in Eq. (3.13) we obtain an equation 
for S. The solution for § is 
. 1 q:R 
S=— e-4-1q+ R—e-* 


1 “= fr 162 


ty 


1 
1—h* 


If we define 


Pa@={ q ye v 


a similar calculation shows that 


Y ey 
P=e°4"—igq-R ; 
1— h*% 1€2 


From Eq. (3.14) we see that 


: d*q’ 
q\T\¢ -f (qiy | it ¢ 
(29)? 


d'q”’ 1 
+f (g’ ty q’) qi’ Te 6) (3.19) 
2x)? E—w''+te 


Using the definitions of T,; and 7>2, we finally obtain 


1 
qiT\¢ (1 —iq-R fhe va) aS -t 
1—hcice 


1 1 1 
+ q:Y¥it ( 
1— fr i€2 R*\1— hh C2 


1 
= ) xa: Ryo Re K—q) -r 


1— Prerce 


1 1 
~fC\a2— JOG hs 
1 — Wee 1 — fre 1€2 


+ ‘ig R 


1 ( h f 
R? 1— Wcxce 1— Pe 1¢ 9 


Xcq- Rr Re K-tr-a-)+(1=22). (3.20) 
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To compute the elastic cross section for x° production 
we must average (g/7|\@) over the square of the 
deuteron wave function.'! We perform the average over 
the angles of R and introduce 


1=3(K—q), (3.21) 


and 
m=}(K-+4q). 
Then Eq. (3.20) can be written as 


. fh sinlR 
@\tie)=(1-ev. ccs a 
1—hcyc2 IR 


1 1 1 
ictal 
1— f*cice R? 1—Fe ico 


1 sinl/R 
)ieroer-va] 
IR 


1 aan C12 


wea 


’ f 
FRED sry a-| ——C1 °F 
1— fr C2 1—heice 


1 h f 
“ ( Jela-vs) 
R?\1—h< 1€2 1— fo sC2 


sinmR 


x (rev) |} + (1-22). .23) 


mR 


We now compute the isotopic spin dependence of the 
transition operator. This is done in the Appendix. 
The results are 


€2> i 
—V2 


We also compute q-y; and q-y. in the appendix [ Eqs. 
(5.8) and (5.9) ]. 

The states used as basis vectors for this representation 
are the two states of the meson—two nucleon system 
with total isotopic spin equal] to unity; 6 is A*e" sind. 
To obtain this result we have introduced the assumption 
that scattering takes place in the state with isotopic 
spin equal to three halves. If we introduce dimensionless 
variables 
(3.26) 


(3.27) 
(3.28) 
(3.29) 


x=qk, 

y= KR, 

w=mR, 

z= IR, 
transition matrix element for elastic ° 


then the 
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production can be shown to be 


a t sing 
sill (= + 
K (12)! (wg)! z w 


i wt 1 
TS) 
i-p 2\i-# 1-f 


e 1 h 
X[ —2a(s)+x-2b(s) ]— ( 
2\1—-# 


(g Tus\o)= 


f 
-)t- 2a(w)+x-wb(w) ] 
a: j 


ty 
(Oo, +@,)-e 
2x 


 [41(1)+21(2)]- 


1 
| x2( - 
1—? 
h f 
T xw( — )ocw |} (3.30) 
i—# 1-f? 


The various symbols used in the equation are defined 
as follows: v is a term which contains part of the 
energy dependence of the cross section. Its value is 
determined by comparison with the x° production 
cross section in hydrogen. The functions f, g, and h 
are functions now of x, and are redefined as 


e’ r+sb 


f(x) = sind, 
* 
1d 
g(x) f(x), 
x dx 


h(x) = f(x)+-2°g(x). 
We have also (reference 6): 
l a 
x; (2q-(KXe)—ie,-[ qx (Ke) }}. 
gK 

Finally, 
1 d sinz 
zdz z 
ld 

b(z) a(z). 


2 dz 


The usual impulse approximation is obtained 
putting 6=0. Then f=h=0. We find that 


by 


1 2 t 


sinz 


(q Tras d= { %y(1)-+-2,(2) } (3.37) 


K (12)' (wg)! 2 
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Fic. 1. Photoproduc- 
tion cross section as a 
function of emitted 
meson angle in the 
laboratory system at a 
gamma-ray energy of 
285 Mev. The dashed 
line is the impulse ap- 
proximation, the solid 
line is the impulse ap- 
proximation with multi- 
ple scattering correc- 
tions, and the crosses 
are experimental] points 
from Silverman ef al. 
(reference 10) 








45° 90° 
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In obtaining these results we have made use of the 
assumption of reference 6, that photoproduction of 
neutron mesons takes place in a state with J=3 
magnetic dipole). We have not included contributions 
from production of charged mesons in S-states. This 
contribution has been evaluated numerically and found 


to be small. We introduce a simplified form of 
(q Tus >. 
1 2 
Tus? 
. . 12)* (wg)! 
« [AL (1)+21(2) + Bloit+e:)-e]}. (3.38) 


Let the averages over gp*(R) be denoted by A, B, and 
z)». Then the cross section is 


((sinz) 
days v|? :: Pa = 

[| A|*(5 sin*#+ 2) 
dQ 9 K* 


+|B\*—2 cos@ Re(A*B)]. (3.39) 


We obtain the usual impulse approximation by averag- 
ing and squaring Eq. (3.37). We find 


dass t : 1 : s : : 
(5 sin’%@+2)[ ((sinz)/z)e P. (3.40) 
dQ 9 K* 
If we use the Hulthén wave function, 
28 \ bee — etek 
eo(R)=( «) ( ), (3.41) 
9 R 





180° 


where a= 45.5 Mev, we find that 


’ 


28 a@ 2a 
((sinz)/2) a= | -tan(—) 
91 l 
8a 14a 
+2 an*( )—tan ( )} (3.42) 
l l 


The functions A and B must be evaluated numerically. 
This was done at gamma-ray energies of 285 and 345 
Mev. These energies correspond to meson phase shifts 
for scattering of about 45° (135 Mev) and 90° (200 
Mev). In Fig. 1 we show the results of the calculation 
in the laboratory system at K=285 Mev. The experi- 
ments of Silverman e/ al.’ are also plotted. We see that 
the multiple scattering tends to depress the cross 
section by roughly the same amount at all angles. The 
magnitude of the cross section was fixed by fitting to 
the x° cross section in hydrogen.” 

In Fig. 2 we also plot the results at K=345 Mev in 
the center-of-mass system. The results are approxi- 
mately the same, a depression of the cross section at 
all angles. 

We have also computed the cross section for a transi- 
tion operator which yields a sin’ distribution for 7° 
production in hydrogen. The result is shown in Fig. 3 
for K= 285 Mev. The correction factor due to multiple 
scattering is about the same as in Fig. 1. 


# A. Silverman and M. Stearns, Phys. Rev. 88, 1225 (1952). 
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4. CONCLUSIONS of the differential cross section at angles further forward 


The possibility that the observed depression of the is suggested, in order to look for a quantitative check on 
photoproduction cross section for mesons in deuterium the theory. We also see that little information can be 
can be explained in part by inclusion of the effects of obtained as to what order of radiative transition is 
multiple scattering in the calculations seems to be involved from measurements at these energies. The 
substantiated by these results. We see that measurement quantitative agreement with experiment is only fair. 
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This can be explained by remembering that only scatter- 
ing on the energy shell was considered. Scattering off 
the energy shell, which is expected to be important for 
small nucleon separations, would raise the cross’section, 
perhaps enough to obtain such agreement. 


5. APPENDIX 


The most general form for the operators c; in charge 


space is 


a 
_— 


y= at be, 1, 
where 
l=iUx U' 5.2) 


Reference 8 contains a complete discussion of these 
points. a and b are scalar functions in charge space, 
independent of the isotopic spin. | is an operator in 
charge space which has the properties of an isotopic 
angular momentum. The components U; and U,’ 
annihilate and create the ith component of the meson 
wave. 

If scattering takes place in the state with /=4, we 
must have 

a= 2b. 5.3) 


Then 
b(2+-<,-] 5.3 


To obtain a representation for c, we choose a set of 
basis vectors as follows: 


Representation 1 


I tow" 2 nucleon singlet+ 7° 
I t°w,° 2 nucleon triplet+ 2° 
II] tw)! 2 neutrons +a 
IV wy 2 protons +r 
Using these states for basis vectors we can construct 
the matrix for c,. It is 
tie 1 
ek 1 “— 
( ~ 
oe 0 
we € 1 


If we choose a representation in which the total 
isotopic angular momentum is a constant of the motion, 


Representation 2 


t I 
I 0 l l 
II 1 1 0 
Il 1 1 1 
IV 1 1 2 


JOHN CHAPPELEAR 


where {= isotopic spin of 2 nucleons; /= isotopic spin of 
mesons; J=total isotopic spin. We can transform ¢, 
into this representation by use of the Clebsch-Gordan 
coefficients." Then we find 


230 7 0 
100 00 aa 
a= lve 0 1 0 (5.6) 
| 0 0 0 3 
Similarly we obtain 
2 —v2 = 
a=(_3 :). (5.7) 


We need retain only two rows and columns (the two 
states with J=1) since the photoproduction takes place 
in the state with J=1 and the scattering operators do 
not change J. We can also compute (g/7;/¢) and 
(q' T2'%). We find 





- ee-E)-n Qe x (1)of 1 7 
q T; o)= - ata (5.8) 
K (12)* (w,)? L1/v2] 
and 
e*e-E)-ts Qe 2x,(2)0f 1 = 7 
q\Ts\¢ _ (5.9) 
K (12)! (w,)§ L—1/v2J 


This result is obtained by writing a transition operator 
which leads to the results of reference 6, and then 
computing the matrix elements for it in representation 
2. To obtain this result we have assumed that produc- 
tion in S states does not contribute. This is not correct, 
but numerical evaluation shows that this neglect is 
unimportant for the x° production cross section. 

By reference to Eq. (3.2) we can obtain y;-q which 
we need in computing our cross section. 
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Production of Heavy Unstable Particles in a p-p Collision* 
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A hydrogen-filled diffusion cloud chamber was exposed to a 2.7-Bev proton beam. In a collection of 
202 p-p collisions, there was one event interpreted as the associated production of a hyperon and a K-meson, 


via the reaction p+p--A*+K*-+n. 





N event best interpreted as the simultaneous pro- 
duction of a K-meson and a hyperon in a proton- 
proton interaction was recently observed in a diffusion 
cloud chamber exposed to an external beam of 2.7-Bev 
protons! from the Brookhaven Cosmotron. The cloud 
chamber contained hydrogen gas at 20 atmospheres 
and was located in a magnetic field of 9500 gauss. This 
event was found among a total of 202 observed p-p 
collisions. 

Figure 1 shows the collision of the beam proton # 
with a hydrogen nucleus in the chamber. Two fast 
positively charged particles, a and 6, are seen to emerge 
from the collision. The emission of at least one neutral 
particle is required since tracks i, a, and } are not 
coplanar. Table I gives the measured momenta, ioniza- 
tion estimates and angles in the laboratory system. The 
momenta were determined with a Cooke microscope at 
lew magnification. Track a was too short to permit a 
momentum measurement. 

Particle b, after a path length of ~6 cm, is seen to 
decay through an angle of 12.5 degrees into the charged 
particle b’ which is probably a pion or muon, but might 
be as heavy as a proton. The decay angle is such as to 
rule out w-4 decay. Particle a travels ~3 cm and 
apparently decays through an angle of 2° into a’. 
Although this angle is small, the measurements are 
reproducible to +0.5° in the three-dimensional re- 
projection system used for the spatial analysis. Since 
the estimated ionization changes from ~1 to 1.5-2.5 at 
the point of the 2° break, this further lends support to 
the hypothesis that a is indeed an unstable particle. 
On the basis of its ionization and momentum, a’ was 
identified as a proton; this implies that @ is a hyperon. 

The two-body decay scheme, 


At p++, (1) 

* This research was supported jointly by the Office of Naval 
Research and the U. S. Atomic Energy Commission. 

t On military leave of absence from Duke University, Durham, 
North Carolina. 

t On leave of absence from the Naval Research Laboratory, 
Washington, D. C. 

1A value of 2.6 Bev was previously reported for the beam 
energy : Block, Harth, Fowler, Shutt, Thorndike, and Whittemore, 
Bull. Am. Phys. Soc. 29, No. 7, 33 (1954). A more precise beam 
analysis indicated that 2.7 Bev is a better value; the results given 
here are relatively insensitive to the precise value. 


is assumed for a, with a Q-value of 115 Mev. This 
decay scheme together with the measured momentum 
of a’ leads to the values 1.02+0.16 Bev/c and 0.46 
+0.13 Bev/c for the momentum of a, the latter value 
being ruled out on the basis of ionization. The identifi- 
cation of a as a hyperon, and the assumption of nucleon 
conservation leads to the following alternatives in- 
volving a single neutral secondary : 


pt+p-At+nt+ K*, 
p+ poAt+r+at, 


where n is a neutron. On the assumption of the scheme 
(Ia), My, the mass of b, may now be computed from 
the energy and momentum conservation laws, using the 
computed momentum of a and the measured momentum 
of 6. One obtains M,=0.5140.10 Bev, in good agree- 
ment with the X-meson mass of ~500 Mev. 

Since there is a large uncertainty in the measurement 
of the momentum of 8, it is of interest to utilize the 
more accurate momentum of the decay particle b’, and 
calculate ~, the momentum of 6, on the assumption 
of the following two-body decay scheme: 


K+—nt+9+0(217 Mev).? 


This leads to the value p= 0.87+0.19 Bev/c; the mass 
of the neutral particle emitted in the p-p collision is 
found to be M,=0.934-0.04 Bev, in agreement with 
the mass of a neutron. 


(Ia) 
(Ib) 


TaBLe I. Directly observable parameters of charged second- 
aries; p is the measured momentum, / the estimated specific 
ionization ; # and ¢ are the polar and azimuth angles, respectively, 
with the direction of the incident proton taken as the polar axis, 
except for 6. and 6 which are measured from the forward direc 
tions of a and 4, respectively. 


L 6 ’ 
Particle (Bev /c) I (degrees) (degrees) 
a not measurable ~1 24+0.5 W+A2 
a’ 0.57+0.1 1.5-2.5 2+0.5 
b 0.8340.5 ~1 16+0.5 180+ 3 
b’ 0.7340.1 ~1 12.5405 


2 Bonetti, Levi-Setti, Panetti, and Tomasini, Nuovo cimento 10, 
345 (1953). 

* Kim, Burwell, Huggett, and Thompson, Phys. Rev. 96, 229 
(1954). 
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Fic. 1, Stereoscopic view of incoming proton # interacting in 
i lecay fragments of a and 5, respectively 


are interpreted as 


the reproduction 


If a similar calculation is carried out for scheme (Ib), 
it is found that this alternative can be ruled out because 
energy and momentum cannot simultaneously be con- 
served if there is creation of two hyperons and a pion 
with the observed momenta and angles of emission 

We now wish to consider the possibility that a isa 
proton, and that both the 2° break between @ and a’, 
and the apparent change in ionization are spurious; 
the momentum of a’ is taken as representative of the 
momentum of this particle. The following interpreta 


tions of the event may now be investigated: 


Ila) p+p-pt+A°+K* 
IIb) p+p-pt+n+ Kt 
llc) ptpoptr+A* 


Proceeding as before, scheme (Ila) leads to a mass 
value of M,=0.58+0.13 Bev for particle 6, which is 
compatible with the A-meson IIb 
yields a mass of 0.70+0.15 Bev for 5; this mass is 


somewhat high for a A-meson, but the interpretation 


mass. Scheme 


cannot be ruled out 


Assumption (Il leads to the following alternatives: 
At—r*-+n+115 Mev, 
or 
At—p+e°+115 Mev 


The first decay scheme leads to computed momenta 
for 6 that are incompatible with the measured mo- 
mentum. If we assume the latter decay scheme, energy 
conservation is violated using the 
is ruled out. 


and momentum 
measured momenta and angles. Thus, (Il 


the hydrogen gas to produce tracks a and b. Tracks a’ and }’ 
lhe pictures have been retouched to make the event visible in 


In summary, if the interpretation is made in terms of 
particles of established masses, there remain the three 
possibilities : 


la) p+p-At+Kt+n, 
(Ila) p+p—-p+Kt+A’, 
IIb) pt+popt+Kt+n. 


{ll interpretations imply that the K-meson observed in 
this event is a boson. The first two are cases of associ- 
ated production of heavy unstable particles. However, 
Ia) is very strongly favored by the arguments given 
in identifying a as a hyperon, as well as by the high 
degree of compatibility of all measured quantities with 
this interpretation. It is therefore suggested that the 
event represents an example of the simultaneous pro- 
duction of a hyperon and a K-meson in a proton-proton 
collision. 

A transformation of the event into the center-of-mass 
system of the colliding protons has been carried out on 
the basis of interpretation (Ia). The results are given 
in Table II. The laboratory value p,=1.02 Bev/c, as 
derived from the two-body decay scheme (1), was used. 


Transformation into c.m. system of colliding protons, 
based on interpretation: p+ p—-A*+K*+n 


Taare Il 


p E 6 ° 
Bev /¢ Bev legrees degrees 
Hyperon (a 0.59 1.33 136 30 
K-meson (5 0.165 0.53 111 180 
Neutron 0.53 1.08 34 248 
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A value for p in the laboratory system was then de- 
termined which was kinematically consistent with a 
mass of 500 Mev for the K-meson. This momentum 
turns out to be 0.56 Bev/c, which is well within the 
limits of error given for pp. 

The interpretation of the event as the simultaneous 
production of a K-meson and a hyperon is in accord 
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with the predictions of Pais‘ and Gell-Mann* that 
heavy unstable particles are produced in pairs. 

The authors wish to express their appreciation to 
Mr. M. Blevins of Duke University for aiding in the 
computations. 


* A. Pais, Phys. Rev. 86, 663 (1952). 
* M. Gell-Mann, Phys. Rev. 92, 833 (1953). 
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Excitation functions for the production of Na*, Na®, F'*, 0'*;?), N™, C", and Be’ in proton bombard- 
ments of Al have been measured from 0.4 to 3.0 Bev. The formation cross sections have strikingly small 
energy dependence, and this feature is discussed in the light of possible energy transfer mechanisms. The 
absolute cross-section values are based on a calibration method (suggested by A. Turkevich) which is 
discussed. It is based on measurements of gross radioactivity in copper irradiated at various energies and 
on the assumption that the fraction of inelastic collisions with copper nuclei that lead to radioactive products 
is independent of proton energy from 0.3 to 3 Bev. The validity of this assumption is examined. 


HEN proton beams with kinetic energies up to 
3 Bev became available in the Brookhaven 
Cosmotron, it seemed desirable to extend radiochemical 
studies of nuclear reactions into this new range of 
bombarding energies. In an initial survey the yields of 
many radioactive products from the bombardment of a 
few selected target elements in different mass regions 
were measured at a given energy (usually 2.2 Bev) 
and compared with similar data at lower energies.’~* 
For target elements of medium’ and high’ Z the product 
yield distributions at 2.2-Bev bombarding energy were 
found to differ markedly from those observed with 
300- to 400-Mev protons. For low-Z targets such as 
carbon‘ and aluminum! the most striking observation 
was the relatively slight difference between the cross 
sections in the two energy regions. In the present paper 
we report more detailed data on the excitation functions 
for the production of severa] radioactive nuclides in the 
bombardment of aluminum with protons in the energy 
range from 0.4 to 3.0 Bev. 

The products studied include Na™, Na”, F'*, N¥, C", 
and Be’. The production of all these nuclides from 
aluminum was investigated previously at lower proton 
energies. Hintz and Ramsey* published excitation func- 


* Research performed under the auspices of the U. S. Atomic 
Energy Commission. 

! Wolfgang, Sugarman, and Friedlander, Phys. Rev. 94, 775 
(1954). 

? Friedlander, Miller, Wolfgang, Hudis, and Baker, Phys. Rev. 
94, 727 (1954) 

? Sugarman, Duffield, Friedlander, and Miller, Phys. Rev. 95, 

704 (1954). 

*R. L. Wolfgang and G. Friedlander, Phys. Rev. 96, 190 
(1954). 

5 N. M. Hintz and N. F. Ramsey, Phys. Rev. 88, 19 (1952). 


tions for the formation of Na™, Na™, and F'* with 
protons of kinetic energies up to 120 Mev. Marquez 
and Perlman* and Marquez’ reported cross sections for 
the production from aluminum of all six of the afore- 
mentioned nuclides by 335-Mev and 420-Mev protons, 
respectively. 


EXPERIMENTAL 


The irradiations were all carried out in the circulating 
beam of the Cosmotron. The proton energy was varied 
by variation of the turn-off time for the rf accelerating 
voltage. To prevent bombardment by stray protons of 
lower than the desired energy the targets were rammed 
into the bombardment position at the end of each 
acceleration cycle as previously described.? Circulating 
proton beams of about 10” protons per pulse and a 
repetition rate of 12 pulses per minute were used in 
most of this work. Bombardments of one to two 
minutes’ duration were found to produce adequate 
counting rates of the short-lived activities investigated : 
15.0-hr Na™, 112-min F"*, 20.5-min C", 10-min N®, 
and some 2-min activity, probably largely O". The 
yields of 53-day Be’ and 2.6-year Na™ were studied in 
aluminum samples irradiated up to a few hours. 

Bombardments were carried out at a number of 
proton energies between 0.4 and 3.0 Bev. At each 
energy the yields of the various product activities were 
determined relative to the yield of Na™. The excitation 
function for the Al’"(p,3pn)Na™ reaction was measured 
in a separate set of experiments as described below. 

* L. Marquez and I. Perlman, Phys. Rev. 81, 953 (1951) 
7 L. Marquez, Phys. Rev. 86, 405 (1952). 
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The targets were made up of 0.00025-in. or 0.003-in. 
aluminum foils of purity >99.9 percent. Earlier experi- 
ments*® had shown that recoil losses of Na™, F'*, and 
C" from 0.00025-in. aluminum foils are quite serious; 
but such losses were found to be negligible for ail the 
nuclides investigated except for Be’ if only the center 
two foils of a stack of six 0.00025-in. foils were used for 
the activity measurements. For the runs in which the 
Be’ yields were studied, 0.003-in. target foils were used 
after Dr. N. Sugarman had shown in a preliminary 
irradiation of a stack of 0.003-in. foils that the recoil 
loss of Be? from such foils is less than a few percent. 

The relative cross sections for the formation of Na”, 
F'*, C4, N®, and “the 2-min activity” [O0'*(?)] were 
determined by analysis of the gross decay curves of the 
irradiated 0.0005-inch aluminum foils (two 0.00025- 
inch layers) measured with end-window gas-flow 
proportional counters. The analysis into 15.0-hour, 112- 
minute and 20.5-minute components presented no diffi- 
culties and their relative intensities are thought to be 
known to +5 percent. The intensities of the 10-minute 
N"™ and 2-minute O'(?) activities have somewhat 
larger uncertainties; checks between different runs and 
between duplicate decay curve analyses carried out by 
different individuals’ indicate that these intensities 
may have probable errors of about +20 percent. The 
effects of absorption in the 1.2 mg cm™ counter window 
and of self-absorption and self-scattering in the 0.0005- 
inch (3.5 mg cm™~*) foils were thought to be sufficiently 
smali to be taken as equal for the different 9 emitters. 
However, a correction had to be made for the different 
back-scattering of electrons and positrons” from the 
thick aluminum sample backings. Since the samples 
were counted in very nearly 2x geometry, Seliger’s data 
for 2x geometry were used, and all 8*-counting rates 
were multiplied by 1.42/1.27=1.12 to make them 
directly comparable with the Na™ counting rates. The 
over-all counting efficiency for Na™ in our standard 
arrangement was determined by Dr. J. B. Cumming by 
a 8—y coincidence calibration of Na™ induced in 
aluminum foils by n,a reaction. For the 0,0005-inch 
foils this over-all counting efficiency was found to be 
0.506, for the 0.003-inch foils it was 0.459. 

The Na™/Na™ ratios were determined in irradiated 
0.003-inch aluminum foils by 8-decay measurements 
over several months. In the proportional counters used 
the counting efficiency for Be’? was found to be so low 
as to make the contribution of Be’ activity to the 
measured counting rates negligible. Long-lived activities 
produced from impurities in the aluminum foil were 
found not to be a serious source of error. The counting 
efficiency for Na™ with the proportional counter 
arrangement used was established in a separate experi- 
ment, in which the absolute disintegration rate of a 
much stronger Na™ sample was determined by a 8—+y 
* R. Wolfgang and G. Friedlander, Phys. Rev. 94, 775 (1954) 

* Dr. F. S. Rowland kindly participated in these check analyses 
” HH. Seliger, Phys. Rev. 88, (1952). 
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coincidence measurement. For this calibration measure- 
ment the Na®* was produced in a 0.003-inch aluminum 
foil by bombardment with 380-Mev protons at the 
Nevis cyclotron. 

The Be’ yields were determined with chemically 
separated beryllium samples. The target was dissolved 
in HCl and, after addition of Be and Na carriers, 
Al(OH); and Be(OH), were precipitated with NHs. 
The hydroxides were dissolved in HCI, the bulk of the 
aluminum removed as AlCl; 6H,0 by the addition of 
HC! gas and ether, and Be(OH)» (and some Al(OH);) 
precipitated with NH;. This precipitate was dissolved 
in glacial acetic acid, and beryllium was purified by 
repeated extractions of its basic acetate into chloroform, 
and finally ignited to BeO for mounting. 

The radiochemical purity of the Be’ samples was 
checked by decay measurements and by determination 
of the pulse height distribution with a grey-wedge 
scintillation spectrometer. The absence of 8 activity 
served as an additional criterion of purity. The Be’ 
activities were counted with Nal scintillation counters 
calibrated as follows. A stronger Be’ source was counted 
in the same geometry, and also intercompared with a 
calibrated Na” standard by means of a scintillation 
spectrometer. This intercomparison involved measure- 
ment of the areas under the 0.48-Mev peak of Be? and 
the 0.51-Mev annihilation peak of Na”. The small 
difference in counting efficiency at these two energies 
was neglected. The relative areas were converted to 
relative disintegration rates by means of published 
decay scheme information (11 percent abundance" of 
0.48-Mev y rays in Be’; 90 percent 8* emission” 
in Na”), 

In one run the relative yields of Be’ and Na* were 
checked by comparison of the y activities of chemically 
separated samples with calibrated scintillation counters. 
For this purpose the sodium fraction was obtained by 
evaporation of the filtrate from the Al(OH);+ Be(OH).2 
precipitate, followed by a NaCl precipitation. 


RESULTS 


For each bombardment, the disintegration rates of 
the nuclides measured were converted to relative forma- 
tion cross sections by means of the appropriate cor- 
rections for length of bombardment and, where chemical 
separations were performed, for chemical yields.” In 
Table I these relative cross sections are given, normal- 
ized at each proton energy to the Na™ yield taken as 
unity. On the basis of estimates of the various sources 
of error in the experiments, the probable errors of the 
yields in Table I are thought to be about +30 percent 
for N® and “O",” +15 percent for Be’, and +10 per- 
cent for the others. 


" R. M. Williamson and H. T. Richards, Phys. Rev. 76, 614 
(1949). 

" R. Sherr and R. H. Miller, Phys. Rev. 93, 1076 (1954). 

'* Dr. R. W. Stoenner kindly carried out the Na chemical-yield 
determination. 
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ABSOLUTE CROSS SECTION OF THE REACTION 
Al” (p,3pn)Na** 

In order to convert the relative yields shown in 
Table I to absolute cross sections, it is necessary to 
know the formation cross section for at least one 
product as a function of bombarding energy. For con- 
venience, the product chosen was Na™; its activity is 
easily measured without chemical separation in irradi- 
ated aluminum foils, and its formation cross section 
has been the subject of several studies at synchro- 
cyclotron energies.®~7-4.18 

Since no external proton beam of sufficient intensity 
for activation experiments has been available at the 
Cosmotron, and since a direct, absolute determination 
of the number of protons striking an internal target is 
quite difficult, a somewhat indirect method was resorted 
to for the absolute cross section measurements. The 
technique was proposed and first applied with 2.2-Bev 
protons by Turkevich.'* Since it has formed the basis 
of all the cross-section measurements made to date on 
proton-induced nuclear reactions at the Cosmotron, it is 
discussed here in some detail. 

Turkevich’s beam calibration method is based on the 
assumption that, for a target element of medium atomic 
weight such as copper, that fraction of all the inelastic 
collisions which leads to the formation of radioactive 
products stays approximately constant with bombard- 
ing energy over a wide energy range. Then, if the total 
inelastic cross section of, say, copper is known as a 
function of energy, the production of gross radioactivity 
in copper foils by protons of various energies serves as 
a measure of the relative beam intensities at these 
energies ; furthermore, the measurements can be put on 
an absolute basis if the production of gross radioactivity 
in copper is determined at a proton energy of about 


TABLE I. Product yields relative to the Na™ yield taken 
as unity at each proton energy 


Proton 
energy 

(Bev) Na®™ ru Ove N# ( He 
0.39 1.89 

OAl 0.65 ~).07 0.27* 

0.6 1.78 0.64 0.6 ~A).08 0.31 

1.0 1.59 0.7° 05° 0.71 
1.4 1.87 0.62 0.7 4.15 0.52 0.77 
1.6 1.38 

1.8 1.81 

2.2 1.37 0.66 O06 ~A).17¢ 0.57¢ 1.18* 
3.0 1.66" 0.65 0.7 ~).11 0.61 1.08 


® The 2-min activity observed is here considered to be O™ 

» Nevis cyclotron bombardment 

* Mean of two or more runs 

4In this run a Be’/Na®™ ratio of 0.88 was independently determined by 
scintillation spectrometry on the unseparated Al target. This corresponds 
to a Be’ yield of 1.21 relative to Na™. In another 2.2-Bev bombardment an 
approximate Be’ yield of 0.85 (relative to Na™) was found by comparison 
of chemically separated Be and Na samples 


“4 Birnbaum, Crandall, Millburn, and Pyle, Phys. Rev. (to be 
published). 

6 Stevenson, Hicks, and Folger (private communication) 

A. Turkevich, Phys. Rev. 94, 775 (1954). 
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Fic. 1. Gross decay curves of copper foils bombarded with 


protons of various energies. The curves are normalized at 10 hours 
after bombardment 


0.4 Bev where it may be calibrated directly against 
some known reaction cross section. 

The basic assumption that the ratio of the cross 
section for formation of radioactive products to the 
total inelastic cross section of copper is independent of 
proton energy in the range from about 0.3 to 3 Bev is 
plausible in view of the experimental data on the yield 
distributions of spallation products formed from copper. 
With respect to the stability line, the formation cross 
sections of the spallation products show very similar 
patterns at 2.2-Bey’ and at 340-Mev"’ proton energy, 
the largest cross sections at both energies being near 
stability. The yield distribution as a function of mass 
number, on the other hand, changes quite strongly with 
bombarding energy,’ so that the individual product 
cross sections can by no means be thought to remain 
constant. Yet the gross activity produced at each 
energy apparently represents a sufficiently large statisti- 
cal assembly of half-lives that the gross decay curves of 
copper foils bombarded at various energies have very 
similar shapes. This is seen in Fig. 1 which shows on a 
log-log plot the decay curves of copper foils bombarded 
for 2 to 5 minutes with protons of various energies be- 
tween 0.45 and 3.0 Bev. The foils were measured with 
8-proportional counters. The curves can all be repre- 
sented approximately by a straight line on the log-log 
plot, corresponding to the equation A,= A,f"'™, where 
A, and A, are the activities ¢ hours and 1 hour, respec- 
tively, after the end of bombardment. From ¢=0.5 hr 
to t= 400 hr no experimental points deviate by more 
than + 20 percent from this line. On the basis of the 


'? Batzel, Miller, and Seaborg, Phys. Rev. 84, 671 (1951). 
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Fic. 2. Excitation function of the reaction AP’(p,3pn)Na™. The 
open circles are the cross sections determined in the present paper, 
the solid circle is from reference 7, the cross from reference 14, 
and the curve at low energies from reference 5. The solid line is a 
least squares fit to the points at E,>0.45 Bev. The dashed line 
has been the basis of the cross-section scale used for nuclear re 
actions studied with the Cosmotron. 


similarity of all the gross decay curves the following 
additional assumption was considered reasonably justi- 
fied: Not only the total number of active atoms formed 
(which would be hard to measure in practice), but the 
number \,. of decays over a limited time, such as 
between 0.5 hr and 400 hr after bombardment, and 
observed in a 8-proportional counter, is approximately 
proportional to the total number of inelastic events in 
the copper target. For each run, .V,, was determined by 
graphical integration under the decay curve (on linear 
scale!) between 0.5 and 400 hr. If a modified activation 
cross section, o,., is defined as the cross section for 
production of these .V,, atoms and oj, is the inelastic 
cross section for protons on copper, then the assumption 
may be stated in the form 


Tuc Cin=C, (1) 


where C is a constant independent of proton energy. 
We now turn to the question of the energy dependence 
of oj. Actually, very few measurements are available. 
Kirschbaum" reported values of o;, for copper of 746 
+45, 667+ 31, and 608+ 22 mb with protons of 185, 240 
and 305 Mev. A measurement” at a proton energy of 
1.6 Bev gave a value of 680+50 mb, and an inelastic 
cross section of 674+34 mb has been reported for 
1.4-Bev neutrons.” Both these direct measurements and 


A.J. Kirschbaum, University of California Radiation Labora 
tory Report UCRL-1967, 1952 (unpublished). 

*R Duffield and G. Friedlander (unpublished). 

*® Coor, Hill, Horayak, Smith, and Snow, Phys. Rev. 98, 1369 
(1955). 
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the energy dependence of the elementary p-p and n-p 
cross sections* indicate that o;, goes through a mini- 
mum in the vicinity of 400 Mev. For the present purpose 
it has been assumed that ¢;, for copper stays essentially 
constant from 0.8 to 3 Bev (as do the total p-p and p-n 
cross sections") and that 


Gin? ®= 1.15 jn" = 1.07050" *, (2) 


where the superscripts are the proton energies in Bev. 
Any errors due to the assumptions of Eq. (2) are 
probably small compared with those introduced by the 
assumptions of the previous paragraph. 

Experiments were carried out at 0.45, 0.60, 1.0, 1.6, 
2.2, and 3.0 Bev. All bombardments were short com- 
pared with 0.5 hr. In each run a 0.003-inch aluminum 
foil and, downstream from it, three thicknesses of 
0,001-inch copper foil were bombarded. After bombard- 
ment, an area of 1 or 2 cm? was cut out of the center of 
the foil stack. Only the middle Cu foil was used for 
the decay measurement and determination of N,,; the 
other two foils served to compensate for the recoil 
losses of active nuclei from the middle foil. The Na™* 
activity in the Al foil was measured as described earlier 
and from it was deduced the number .Vy, of Na™ atoms 
produced by the bombardment. 

If the numbers of Al and Cu atoms in the foils are 
na, and Nou, respectively, and if oy, is the cross section 
for the production of Na*™ from Al, then at each proton 
energy 

Gully Nec=ONnaMal Nx,. (3) 


Vac, Va, Mcu, and ma; are measured quantities. At 0.45- 
Bev proton energy ox, is known from Marquez’ work’ 
as 10.8 mb; with the use of this value a,,°° was calcu- 
lated from the 0.45-Bev run to be 54.6 mb. Then, 
according to Eqs. (1) and (2), o,,°*=58.5 mb and 
o.°°*=62.8 mb. Now ox, may be evaluated at each 
bombarding energy from Eq. (3). The values of on, so 
obtained are shown in Table II and Fig. 2. In the figure 
the literature values for ox, at lower energies®’:* are 
also shown. The solid line of Fig. 2 is a least-squares fit 
to the points for E,20.45 Bev. It does not differ 
significantly from the dotted line drawn through 
Marquez’s 0.45-Bev point and Turkevich’s'® value of 
9.0 mb at 2.2 Bev. This dotted line has been the basis 
for all proton cross sections at Cosmotron energies re- 
ported to date and will continue to be used until a more 
reliable absolute determination of the cross-section scale 
is made. 

The estimated probable errors of +5 percent shown 


Tas e II. Cross section for the reaction Al*""(p,3pn)Na™ as a 
function of proton energy (based on Marquez’ value of 10.8 mb 
at 0.45 Bev). 


0.60 1.0 


E, (Bev) 


@ (mb) 11.0 10.1 


* Chen, Leavitt, and Shapiro (to be published). 
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on the points in Fig. 2 do not include any estimate of 
the error in the basic assumption of the method 
[ Eq. (1) ]. Such an estimate is difficult to make at this 
time. To date the only direct evidence on this point 
comes from the data on copper spallation by 2.2-Bev 
protons.2 The cross sections for copper spallation 
products were based on the value 9.0 mb for the re- 
action Al(p,3pn)Na™ at 2.2 Bev. On this basis the sum 
of all the measured cross sections for radioactive 
products of A>10 is about 180 mb (the value for V* 
in reference 2 should be lowered from 27 mb to about 
15 mb on the basis of a recent redetermination™ of the 
V* half-life). The dependence of the formation cross 
sections on A and Z indicates that the measured values 
must represent about one-quarter of the total inelastic 
cross section, in good agreement with the measured 
values of o;, {675 mb)'*™ based on transmission data. 
It is difficult to see how the estimate of 0.25 for the 
fraction of oj, represented by the measured cross sec- 
tions can be in error by more than +30 percent. This 
then may be assigned as the limit of error on the 
absolute values of the Al(p,3p#) cross sections in 
Table II and Fig. 2. 


DISCUSSION 


On the basis of the Al(p,3pm) cross section discussed 
in the preceding section, the relative yields of Table I 
may now be converted into production cross sections. 
The results are summarized in Figs. 3 and 4 together 
with the 0.42-Bev data of Marquez.’ Except for their 
Be’ point, the 0.34-Bev measurements of Marquez and 
Perlman’ are not included because, according to 
Marquez,’ the cross sections reported in reference 6 
were calculated without proper corrections for 8-ray 
absorption losses. 
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Fic. 3. Excitation functions for the formation of Na™ and F™ 
from Al. Data from reference 5 (curve for E,<0.12 Bev) and 
reference 7 (solid points at 0.42 Bev) are included. 


# W.S. Lyon, Phys. Rev. 97, 121 (1955). 


BY PROTONS 





CROSS SECTION (mb) 


ee RN: 
coe eae! \weaeeen! 
3.0 


ao uu. 2 a. 
PROTON ENERGY (Bev) 





Fic. 4. Excitation functions for the formation of N“, C", and 
Be’ from Al. The solid points at 0.42 Bev are from Marquez 
(reference 7). 


The main feature of the data is certainly the rela- 
tively slight energy dependence of the cross sections 
studied. If we assume that, with the possible exception 
of Be’, the products observed are formed by evaporation 
processes following deposition of excitation energy, then 
the data indicate remarkably little change in the spec- 
trum of these energy depositions with change in proton 
energy from 0.4 to 3 Bev. The gradual change in the 
shapes of the excitation functions from Na™ and Na® 
through F'* and N" to C" indicates that, with increasing 
bombarding energy, the spectrum of excitation energies 
shifts slowly towards higher values. It is not clear 
whether the shape of the Be’ excitation function should 
be ascribed entirely to this trend. Other mechanisms 
probably contribute to the formation of Be’ as will be 
discussed below. 

The rather high cross section for Be’ formation above 
1 Bev is of interest. In the spallation of copper*® and of 
heavier elements’ with 2.2-Bev protons a peak in the 
yield-vs-mass curve about 20 mass numbers below the 
target mass has been observed, and one might therefore 
be tempted to interpret the high yield of Be’ as evi- 
dence for a similar peak in aluminum spallation. In the 
heavier elements the peak has been ascribed to a high 
probability for the transfer of hundreds of Mev to the 
struck nucleus by the reabsorption of x mesons pro- 
duced in the same nucleus. This mechanism should be 
less important in aluminum than in copper because of 
the larger ratio of meson mean free path to nuclear 
radius. The absolute magnitude of the Be’ cross section 
may thus be somewhat large to be accounted for in 
this manner. It is very likely that evaporation of Be’ 
aggregates from excited nuclei (or perhaps some other 
direct ejection mechanism) makes at least some con- 
tribution to the Be’ formation cross sections. This is 
indicated by the fact™ that at Bev energies Be’ is 


™ Hudis, Baker, and Friedlander, Phys. Rev. 95, 612 (1954). 
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formed in high cross section from heavier target nuclei 
also, where it can hardly be a spallation residue. 

It may be noted that, over the entire energy range, 
the N” formation cross section is strikingly low com- 
pared to the other cross sections. In view of the simi- 
larity between C", N¥, 0", and F"* as regards their 
positions relative to 8 stability and their 6-decay 
energies, these low cross sections for N™ are, at first 
sight, surprising. Following a suggestion by Dr. D. H. 
Wilkinson, we attribute this apparent anomaly to the 
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fact that all excited states of N“ are unstable with 
respect to heavy-particle emission™ whereas each of the 
other nuclides observed has a number of excited states 
which can be de-excited by gamma emission only. 

It is a pleasure to express our gratitude to the 
Cosmotron operating staff for carrying out the bom- 
bardments. Miss G. Vedder and Mrs. N. Hamilton 
helped with the activity measurements. 


% F, Ajzenberg and T. Lauritsen, Revs. Modern Phys. 24, 321 
(1952). 
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Elastic Photoproduction of <" Mesons from Deuterium* 


B. Woxre,t A. Sttverman, anv J. W. DeWire 
Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 
(Received January 12, 1955) 


The average differential cross section for the reaction ~+d 
=x" +d has been measured for photons between 250 and 300 Mev 
at four angles. A difference measurement with deutero-paraffin 
and normal paraffin targets was employed. The recoil deuterons 
were detected by a counter telescope which discriminated against 
protons by recording the product of the energy and the specific 
ionization loss of the particles. The reaction was further identified 
by demanding a coincidence between the deuteron pulse and a 
pulse from a photon counter placed at an angle corresponding to 
the direction of the r®. The values of the differential cross section 
for various angles of the r° in the laboratory system are as follows 


INTRODUCTION 


EUTRAL pi mesons can be produced by the 
photon bombardment of deuterium in either of 
two reactions, the elastic process 


y+d=n9+d 


in which the deuteron recoils as a unit, and the inelastic 
process 
ytd=n'+p+n 


in which the deuteron is broken up into its component 
nucleons. A study of these two reactions together with 
a knowledge of the x” production from hydrogen, 
y+p=2'+p, 
can lead to information about the relative properties 
of the photoproduction from protons and neutrons. 
An exact theoretical calculation of meson photo- 
production from deuterium is beyond the scope of 
present-day physics although some approximate calcu- 
lations based on simplified meson theories have been 
made.'* To simplify the problem, one can make use of 
* Assisted by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 
t Now at Eastman Kodak Company, Rochester, New York. 


' Heckrotte, Henrich, and Lepore, Phys. Rev. 85, 490 (1952). 
?N. C. Francis and R. E. Marshak, Phys. Rev. 85, 496 (1952 


da /dQ 
(10-* cm*/steradian) 


da/dQ 
(10-” cm*/steradian) 
4.2+0.6 110° 2.5404 
3.240.5 130° 1.2+0.3 


The stated errors are the standard statistical errors and apply 
to the relative cross sections at the various angles. The absolute 
cross-section scale is subject to an experimental error of 25 per- 
cent. The measured cross sections are in agreement with theo- 
retical calculations based on the impulse approximation, with 
the assumption of equal amplitudes for x° production from the 
proton and neutron and constructive interference. 


6(x*) 6(x°) 
76° 
93° 


the impulse approximation, which states that meson 
production in a nucleus may be treated as the sum of 
interactions with the individual nucleons.*~* By using 
this method it has been shown® that the cross section 
for the elastic production of a x® meson with a deuteron 
recoil of momentum D may be written, neglecting spin 
effects, as 


Ga=|AntAy, (fee exp(JiD- RAR), (1) 


where A, is the amplitude for x° production from the 
neutron, A, is the amplitude for x° production from the 
proton, Wo(R) is the ground-state deuteron wave func- 
tion, and R is the relative coordinate between neutron 
and proton. The quantity 


foe exp(4iD-R)dR 


can be interpreted as the probability that the deuteron 
will stick together if one of the nucleons is given an 
impulse D. In the same notation, the cross section of a 
2G. F. Chew, Phys. Rev. 80, 196 (1950). 
*M. Lax and H. Feshbach, Phys. Rev. 81, 189 (1951). 
‘G. F. Chew and H. W. Lewis, Phys. Rev. $4, 779 (1951). 
*M. Lax and H. Feshbach, Phys. Rev. 88, 509 (1951). 
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free proton is given by 
o,p=A,’. 

The total cross section from deuterium (elastic plus 

inelastic) is given by 


oa=A,2+A,2+2 Re Anta, [ve exp(iD-R)dR. (2) 


The last term of (2) is small except at threshold or 
for forward angles of x production. For other cases the 
ratio og/a, is a measured of the relative size of A, and 
A,. This ratio has been measured by Cocconi and 
Silverman’ and by Andre*® who find values of o4/o, 
close to 2 over a wide range of angle and energy. This 
result implies that A ,?= A ,’. Adopting this equality and 
referring to (1), one can readily see that the elastic 
cross section is extremely sensitive to the relative phase 
of A, and A,. If A,=A, (constructive interference) 
oe is relatively large but if A,=-—A, (destructive 
interference) ¢,; is zero, in the aforementioned approxi- 
mation. 

To be more precise, the experiments show that A, 
and A, do not differ by more than 25 percent. If we 
assume this difference, then the elastic cross section 
can vary by a factor of 32 depending on whether one 
assumes constructive or destructive interference. Since 
this ratio is so large, it is apparent that an experimental 
measurement of the cross section of the elastic process 
should clearly distinguish between constructive and 
destructive interference. 


EXPERIMENTAL PROCEDURE 
1. Counter Geometry 


The process y+d=7°+d is an elastic process in the 
sense that there are only two bodies involved at any 
one time. Therefore a measurement of the energy and 
angle of emission of one of the products completely 
determines the energy and angle of the other product 
and the energy of the photon that initiates the event. 
In this experiment the angle and energy of the recoil 
deuteron were measured. The target was deuterated 
paraffin 2 mm thick and the background count was 
observed from a normal! paraffin target of the same 
chemical composition. In order to reduce this back- 
grcund, the process was further identified by demanding 
a coincidence between the deuteron counter and a 
photon counter placed in the direction of emission of 
the x. Figure 1 shows the experimental geometry for 
the case of x emission at 110° and recoil deuteron at 
28° to the direction of the incoming photon.® 

The photon beam intensity was monitored by a thick- 
wall ionization chamber which had been calibrated 


7G. Cocconi and A. Silverman, Phys. Rev. 88, 1230 (1952). 

*C. C. Andre, University of California Radiation Laboratory 
Report 2425, November, 1953 (unpublished). 

* All angles in this article refer to the laboratory frame. 
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Fic. 1. Experimental arrangement showing y-ray beam, target, 
deuteron detector and y-ray counter. There is a }-in. Pb converter 
between the target and y-ray detector (not shown). 


previously” in terms of effective quanta in the brems- 
strahlung spectrum." The current from the monitor 
chamber was integrated electronically” to give the 
number of effective quanta accumulated during a run. 
From the measured spectrum" the number of incident 
photons could be computed. 

The efficiency of the photon counter was kept con- 
stant throughout the experiment at each of the four 
angles studied. However, its absolute efficiency was not 
known, so that the measurements gave only the relative 
cross sections at each angle. To obtain the absolute 
cross section the measurement was repeated at one 
angle without the requirement of a photon coincidence. 
Recoil deuterons alone were detected and it was as- 
sumed that all deuterons of the required energy and 
angle in the DC,—CH), difference came from #° pro- 
duction. 


2. Deuteron Detector 


The deuteron counter telescope had to be capable of 
identifying deuterons against a proton background 
which sometimes exceeded the deuteron rate by a 
factor of ten. This was done by using a scintillation 
counter telescope consisting of a thin sodium iodide 
counter to measure the energy loss dE/dx of the particle 
and a thick sodium iodide counter in which the particle 
stopped and gave a pulse proportional to its energy E. 
The pulse heights in the two counters were multiplied 
electronically, the product EdE/dx being approximately 
proportional to M°*Z*E°*, where M and Z are the 
mass and charge of the particle. Such a pulse spectrum 
would be expected to give good separation between 
protons and deuterons. This technique is described in 


” Corson, DeWire, McDaniel, and Wilson, The Cornell 300-Men 
Synchrotron (Cornell University Press, Ithaca, 1953). 

4 The number of effective quanta Q is related to the spectrum 
N(W) by OWo= fo®* WN(W)dW, where We is the maximum 
energy of the spectrum. 

2 R. M. Littauer, Rev. Sci. Instr. 25, 148 (1954). 











WOLFE, 





‘ 
rhe, 
\ — ? 
4 ead 4 Peet ths «J 
r—) 30 . “« “ 50 
E6E/dn* Multiplied Pulse Height 











Fic. 2. The product (EdE/dx) pulse-height distribution from 
a deutero contin target. No y-ray coincidence was required. The 
peak at smaller pulse heights is due to protons and the one at 
larger pulse heights to deuterons. The calculated ratio of the two 
pulse heights is 1.7 and equals the measured ratio within the 
experimental error. There is some evidence for a triton group at 
the large pulse-height side of the deuteron distribution. 


detail elsewhere,” and hence no further details will be 
given here. 

The particle resolution of the deuteron counter is 
illustrated in Fig. 2 where the pulse-height spectrum 
from a deutero-paraffin target is shown. No photon 
coincidence was required in this run. In the measure- 
ments involving a coincidence with a photon the proton- 
deuteron separation was not so marked; an error of 10 
percent was incurred in determining the number of 
deuteron counts in the spectrum. This error is included 
in the final errors in cross section. 

At each angular setting the energy limits on the 
deuteron counter were adjusted to accept deuterons 
from bombarding photons of energies between 250 and 
300 Mev. This was done by setting upper and lower 
biases on the energy pulse from the large crystal. The 
energy scale was established by observing the maximum 
pulse height obtained from the crystal exposed to 
protons, using the known thickness of the crystal and 
its corresponding proton energy. 

Figure 3 shows the calculated effective bombarding 
photon spectrum at each angle where the experiment 
was performed. The ordinates are proportional to the 
product of the photon flux and the effective target 
thickness; hence the integrals under the curves are 
proportional to the number of incident photons per 
effective quantum multiplied by the number of target 
deuterons from which detectable events arise. 


3. =«° Detector 


The emission of a x° meson was observed by counting 
one of the decay photons in a photon counter placed 
in the direction of emission of the x°. The counter con- 
sisted of a one-cm thick Nal crystal preceded by a }-inch 
Pb converter and a 2-inch carbon plate to absorbe low- 


“ Wolfe, Silverman, and DeWire, Rev. Sci. Instr. (to be pub- 
lished). 
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energy charged particles. The crystal was 10 cm in 
diameter. The associated electronic circuit was biased 
so that a particle was required to lose 3 Mev in the 
crystal to be recorded. 

The kinematics of the elastic process are such that 
the angle of emission of the x’ is determined almost 
completely by the angle of the deuteron, independent 
of energy over a rather large range. Because of the 
relativistic contraction in the #° decay process, the 
efficiency of the x® counter is enhanced when it is 
placed directly in the path of the high-energy x’. 

Even though the photon counter provides no data 
on the kinematics of the #° production process, its use 
presents two advantages: (1) The reaction is more 
clearly defined. (2) The recoil deuterons from the carbon 
in the targets are nearly entirely eliminated. This 
provides a considerable improvement in the statistics 
of subtracting the count from the normal paraffin 
target. 

On the other hand, the use of the photon counter 
involves the distinct disadvantage that it is very dif- 
ficult to measure its absolute efficiency for counting 2° 
mesons. This efficiency is the product of two factors, 
the first being the probability that at least one of the 
decay photons strikes the counter, the second the 
probability that a photon striking the counter will be 
counted. The first factor was calculated directly from 
the kinematics of the r° decay and varied from 0.59 at 
76° for the x° to 0.40 at 130°. The second factor, the 
so-called intrinsic efficiency, cannot be computed with 
any confidence and requires a rather elaborate pro- 
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Fic. 3. Effective incident photon spectrum at each angle. The 
ordinates are proportional to the photon flux and effective t 
thickness. The integrals under the curve yield the quantity (N#) 
used in the calculation of the absolute cross section (see text). 
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cedure to measure it. Instead of this factor was deter- 
mined, and the absolute cross section scale established, 
by repeating the run at 110° for the x without the 
photon counter. The ratio of the difference counting 
rates divided by the computed first factor then gives 
the value of the intrinsic efficiency. This procedure 
implies that all the deuterons in the correct energy 
range in the D-paraffin, H-paraffin difference come from 
the elastic x® production. The intrinsic efficiency was 
found to be 0,78+0.18. This value is consistent with 
the efficiency of a similar counter used by Silverman 
and Stearns“ in measuring the photoproduction of r° 
mesons from hydrogen. Its efficiency was determined 
by using the 170-Mev monoenergetic photons from 
the Cornell synchrotron."* 


EXPERIMENTAL RESULTS 
1. Calculation of the Cross Section 


At each angle the value of the differential cross 
section was computed from the experimental data using 
the following formula: 


da | CdQp/dQ,° 
dQ\,e AQ(Nief 


where do/dQ) ,, is the cross section per steradian in the 
lab system ; C is the number of counts in the D-paraffin, 
H-paraffin difference per 10" effective quanta; AQp is 
the solid angle subtended by the deuteron counter; 
dQp/dQ,,. is computed from the tables of Malmberg 
and Koester,'* (Vi) is the product of the number of 
incoming photons per 10" effective quanta and the 
effective thickness of the target in deuterons per cm*— 
it is found from the integrals of the curves in Fig. 3 
and the monitor reading; ¢ is the intrinsic efficiency, 
measured to be 0.78; and f is the probability that a ° 
decay photon strikes the photon counter. Numerical 
values used in this formula are given in Table I. 


2. Values of the Cross Section 


The differential cross sections measured in this 
experiment are given in Table II. The quoted errors 


Taste I. Numerical data used in computing the cross section. 
The various terms are discussed in the text. The number of counts 
C and the product (N/) are normalized to 10" effective quanta. 





28° 20° 


42.5° 35° 


Deuteron angle 

Photon counter angle 76° 97° 106° 128° 
AQp(sterad) 0.00087 0.00089 0.00089 0.00112 
Cc 75408 81+08 5840.7 3.9408 
f 0.59 0.56 0.53 0.42 
dQp/dQ,* 0.296 0.245 0.209 0.184 
(Nt) (10 cm~*) 1.38 1.67 1.36 1.78 








4 A. Silverman and M. Stearns, Phys. Rev. 88, 1225 (1952). 

J. W. Weil and B. D. McDaniel, Phys. Rev. 86, 582 (1952). 

J. H. Malmberg and L. J. Koester, Jr., Tables of Nuclear 
Reaction Kinematics at Relativistic Energies (Physics Department, 
University of Illinois, Urbana). 
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Taste IT. Differential cross section for the elastic 








duction of x* mesons from deuterium for various angles of emission 

of the x’. 

0(x*) 76° 93° 110° 130° 

da/dQ| 4.2+6.6 3.2+0.5 2.5404 1.2+0.3 
(10-” cm*) 








are the standard statistical errors including the uncer- 
tainty in separating the pulses due to protons and 
deuterons. It must be remembered that the absolute 
values are all based on the additional run at @(9°) = 110° 
taken without the photon counter, for which there is 
an uncertainty of 25 percent. Thus the errors given in 
Table II refer to the relative values at the various 
angles and there is an additional 25 percent uncertainty 
in the absolute cross section scale. 


3. Auxiliary Measurements 


A number of additional experiments were performed 
to test the assumption that the recorded counts actually 
came from the elastic r° production process. These 
were: 

(a) Preliminary measurements were made with 
targets of D,O and H,0 0.5 cm thick. The results were 
in agreement with those quoted above. At 115° for the 
x (30° for the deuteron) the cross section was observed 
to be 2.4 microbarns per steradian with an uncertainty 
of about 30 percent. 

(6) Using the water targets and the same biases as in 
(a), the deuteron counter was moved from 30° to 60°. 
At this angle no deuterons could be expected from the 
elastic production. The D,O rate at 30° was 44+4 
events per 10" effective quanta while the rate at 60° 
was 5+2. The H,O rate at 30° was 1242. 

(c) At the 30° position a one-cm carbon absorber was 
placed in front of the telescope. Such an absorber is 
just sufficient to exclude a deuteron from the elastic 
process from the energy acceptance interval of the 
counter. The D,O—H,0 difference rate without ab- 
sorber was 18+2 per 10" effective quanta, The D,O 
rate with absorber was 2.4+1.4. 

(d) With the deuteron counter at 30°, the synchrotron 
energy was reduced from 315 Mev to 250 Mev. At this 
energy no deuteron with sufficient energy to be recorded 
should be produced. When this was done the difference 
counting rate dropped from 18+2 to 0.542 counts 
per 10" effective quanta. 

Measurement (d) gives an indication of the possible 
contribution of the deuteron Compton effect (y+d 
=y+d) to our experiment. This process would record 
in our counting system in a similar way to the elastic 
® production. If indeed we had been measuring only 
the Compton process at the higher energy then it is 
estimated that the counting rate at 250 Mev would 
have been about 7 per 10" effective quanta. This 
estimate is made on the basis of a constant Compton 
cross section between 210 and 280 Mev. 
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Fic. 4. Experimental results together with those of Davis and 
Corson. The solid curves are calculated by Brueckner and Chap- 
pelear using the impulse approximation with and without multiple 
scattering corrections 


Ernstene, Keck, and Tollestrup'’ have performed an 
experiment to measure the deuteron Compton effect. 
Their results, when applied to our experiment, indicate 
that the Compton effect is probably less than 15 per- 
cent of the elastic production 


DISCUSSION OF RESULTS 


Our experimental results are plotted in Fig. 4. The 
curves are the results of calculations of Brueckner and 
Chappelear.'*"* The upper curve is the result from the 
impulse approximation if one assumes a 2+3 sin’ 
center-of-mass distribution of #° mesons from free 
protons and constructive interference, A,=A,. The 
lower curve is based on a modification of the impulse 
approximation which takes into account the scattering 
of the outgoing x” by the other nucleon of the deuteron.” 
The experimental points fit the corrected curve better, 
although except for the point at 76° the data are com- 
patible with either curve. 

There is some uncertainty in the theoretical curve at 
large r” angles where the deuteron comes off with high 
energy. The probability that the deuteron comes off 
bound is then dependent on the high-momentum com- 
ponents in the deuteron wave function, which are not 


too accurately known. Other uncertainties in the 


'? Ernstene, Keck, and Tollestrup (private communication 

'"K. A. Brueckner, Phys. Rev. 89, 834 (1953). 

* K. A. Brueckner and J. Chappelear (private communication). 

* At the most forward angle the theoretical curves are changed 
only by a few percent if a sin? distribution is used instead of a 
2+3 sin¥ distribution. At 130°, however, the theoretical values 
decrease by about 35 percent 
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theoretical curves arise from a lack of knowledge of the 
relative magnitude of the spin flip and non-spin flip 
processes in x* production, and to the lack of precise 
information on the values of A, and A,. In view of 
these uncertainties, the excellent agreement between 
theory and experiment may be fortuitous. However the 
experimental results do rule out the possibility that the 
interference between neutron and proton waves is de- 
structive, for this would give cross sections of the order 
of 1/30 the measured cross section or less. On the other 
hand, the experiment is not sufficiently sensitive to point 
definitely to constructive interference. For instance, a 
phase difference of 90° between A, and A, would lead 


- to cross sections only a factor of two below the measured 


values. More reliable comparison with the impulse 
approximation could be made if the experimental cross 
sections were known in the forward direction since the 
recoil momentum of the deuteron is low and the form 
factor can be calculated more reliably. However, meas- 
urements in this region would have required a thinner 
target and the counting rates were very low. Further, 
the detection of deuterons of very low energy becomes 
difficult by this method since the first crystal must be 
made thin compared with the range of the deuteron. 

Two other experimental results*' confirm the main 
conclusion of this paper. Davis and Corson* have 
measured the elastic x production from deuterium by 
detecting recoil deuterons in photographic plates after 
magnetic analysis. Their results are shown in Fig. 4 
and are seen to be in reasonable agreement with the 
results of this paper. Andre* has measured the ratio of 
the total cross sections (elastic+ inelastic) for hydrogen 
and deuterium near threshold. His measured ratio at 
90° laboratory angle is 


(da /dQ)p 
=4.2+1.3. 
(do/dQ) x 


From Eg. (2) one finds that the calculated ratio is 3.2 
for constructive interference and 0.8 for destructive 
interference. ¢ 

We wish to thank K. A. Brueckner and J. Chappelear 
for permission to quote their results prior to publication. 
We are also indebted to R. H. Dalitz for several dis- 
cussions concerning the theoretical implications of this 
work. 

*H. L. Davis and D. R. Corson, following paper [Phys. Rev. 
99, 273 (1955) ] 
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The cross section for the process y+d—+r°+d has been measured by observing the recoil deuteron. 
The recoil was first analyzed by a uniform magnetic field and then allowed to pass through a nuclear 
emulsion. The following values were obtained for the absolute cross section for x® production at a photon 
energy of 270 Mev and ® laboratory angles 124° and 168°: do/dQ(124°)=3.2+0.9 wb/steradian and 
dg /dQ(168°) =1.3-+0.5 wb/steradian. The fact that the cross section is the same order of magnitude as the 
cross section for the production of x*’s from hydrogen is evidence that constructive interference exists 
between the x° production from the proton and the #° production from the neutron. On the basis of 
approximate theories of meson production from deuterium, a lower limit is deduced for the isotropic part 
of the angular distribution of r’s photoproduced from hydrogen. 


INTRODUCTION 


HE x” mesons produced by the interaction of 
rays with deuterium come from two processes: 


y+d—1r'+n-+ p, (1) 
y+d—>r'+d. (2) 


As discussed in the previous paper! the magnitude of 
the cross section for process (2) (often referred to as 
the “elastic” process) should be quite sensitive to the 
relative phase between the complex amplitudes for 
r” production from the neutron and from the proton. 
A measurement of the cross section should be able to 
distinguish between constructive and destructive 
interference of these amplitudes. 

In addition to the information available from the 
absolute magnitude of the elastic cross section, some 
information concerning the angular distribution of the 
® production from hydrogen may be obtained by 
observing the variation of the deuteron cross section 
with meson angle. Using the impulse approximation 
Chew and Lewis? have shown that, in the case of 
elastic production from deuterium, the angular distribu- 
tion of the x in the center-of-mass system will be 
proportional to F(@)J*(d). F(@) is closely related to 
the angular distribution for x° production from a free 
proton. In particular, F(@)=2+-5 sin’# if the free proton 
distribution is 2+3 sin*@ (the latter distribution being 
appropriate for x° production in a J=} state). [°(d) is 
an integral involving only the ground-state wave 
function of the deuteron and is a function of the recoil 
deuteron momentum. It represents the probability 
that the recoiling proton and neutron remain together 
in the form of a deuteron. By using calculated values 
of [*(d), the observed angular variation of the elastic 
production from deuterium may be related directly to 


* Supported by the joint program of the Office of Naval Re- 
search and the U. S. Atomic Energy Commission. 

t Now at Pratt and Whitney Aircraft Company, East Hartford, 
Connecticut. 

! Wolfe, Silverman, and DeWire, preceding paper [Phys. Rev. 
99, 268 (1955) ]. 

2G. F. Chew and H. W. Lewis, Phys. Rev. 84, 779 (1951). 


F(@), and hence to the angular distribution for produc- 
tion from the free proton. 

The absolute cross section of the elastic process has 
been measured at Cornell University at gamma-ray 
energies near 270 Mev by two groups using different 
methods. Both groups used the Cornell 315-Mev 
synchroton as the source of gamma rays and identified 
the process of interest by detecting the recoil deuteron. 
The first group, Wolfe, Silverman, and DeWire,' 
measured the absolute cross section at a meson angle of 
110° in the laboratory by detecting the recoil deuteron 
with a scintillation counter telescope. In addition, they 
determined the relative cross sections at 130°, 110°, 93°, 
and 76° by observing one of the decay gamma rays of 
the x” meson in coincidence with the recoil deuteron. 
Their experiment is described in detail in the preceding 
paper.' The second method of measuring the cross 
section is the subject of this paper. In this method, the 
recoil deuterons were first analyzed by a uniform 
magnetic field and then detected by a nuclear emulsion. 
The absolute cross section was determined at deuteron 
recoil angles of 4° and 22° in the laboratory, correspond- 
ing to meson laboratory angles of 168° and 124°. 


EXPERIMENTAL METHOD 


The deuterium target consisted of a thin piece 
(0.37 g/cm*) of heavy paraffin (CD,). The effect of 
the carbon was subtracted by measurement of the 
recoil deuterons from a pure carbon target. 

The momentum and angle of emission of the recoils 
were determined by the arrangement shown in Fig. 1. 
The experimental target and emulsion were situated in 
a uniform magnetic field of 18.2 kilogauss. The deuteron 
recoils produced in the target by the gamma-ray beam 
traversed a 40° arc before passing through a 200-micron 
nuclear emulsion inclined at an angle of 45° with the 
horizontal plane of the experimental system. Measure- 
ments on the track of a given recoil determined (1) the 
position at which the recoil entered the emulsion and 
(2) the horizontal incident angle of the recoil trajectory. 
For a recoil issuing from a point target these two 
observations uniquely determine both the momentum 
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Fic. 1. Experimental arrangement (top view), showing y-ray 
beam, target, magnet poles and nuclear emulsion detector 
Target, recoil particle path, and emulsion are all inside a vacuum 
chamber maintained at fore-pump pressure 


and the angle of emission of the recoil. We assume that 
the deuteron recoils from the deuterium were all 
produced by the process y+d—-r°+d. Since this is a 
two-body interaction, the recoil momentum and 
emission angle determine the energy and angle of the 
x and the energy of the incident photon. In Fig. 2, the 
deuteron energy is shown as a function of laboratory 
angle for an incident photon of 270 Mev. Actually, 
the finite size of the target introduces an uncertainty 
in the momentum and emission angle associated with 
a given track in the emulsion. The uncertainty in 
momentum was about +5 percent and the uncertainty 
in angle of emission was +2°. 

The assumption concerning the identity of the recoils 
presupposes that (1) no other process produces deuteron 
recoils from deuterium in a significant quantity and 
(2) that the recoil particles which are not deuterons 
may be distinguished from the recoil deuterons. With 
regard to (1), at the gamma-ray energies we are dealing 
with, the only competing process to be considered 
seriously is the nuclear Compton effect: y+d—-y'+d. 
The absolute cross section for this process has not yet 
been measured; however, Ernstene, Keck and Tolle- 
strup’ have performed an experiment which sets an 
upper limit on this cross section. They suggest that 
the yield of recoil deuterons from the Compton effect 
is not more than a few percent of the yield from the 
elastic process at a deuteron laboratory angle of 50°. 
Even if one assumes a pessimistic angular distribution 
ior the Compton cross section (i.e., one containing a 
large cos® term), their result places an upper limit for 
Compton effect contribution to our total yield of 


* Ernstene, Keck, and Tollestrup (private communication) 
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4 percent and 10 percent at the 124° and 168° points, 
respectively. 

Concerning (2), at the gamma-ray energies of 
interest, protons are the only other charged particles 
which can be photoproduced from deuterium with 
sufficient momentum to be observed in our system. 
Tracks made by protons and deuterons of the same 
momentum were easily separated because their grain 
densities differ by a factor of three. For this purpose 
Ilford C2 emulsions have a convenient sensitivity. In 
the momentum interval of interest, protons have 
energies greater than 50 Mev while deuterons have 
energies between 30 Mev and 60 Mev. In C2 emulsions 
the maximum energy which a particle can have and 
still produce an observable track is about 50 Mev for 
protons and about 100 Mev for deuterons. Therefore, 
in the selected momentum interval, proton tracks were 
nearly invisible while deuteron tracks were easily 
recognized. Figure 3 shows tracks of different particles 
all having the same Hp. 

Heavier particles, such as tritons or alpha particles, 
can be produced only in the carbon and therefore 
subtract out in the CD,—C difference. 

In order to obtain a valid CD.—C difference, it is 
necessary that the scanning efficiency be the same for 
both the CD, and the C tracks. This condition was 
insured by using the same emulsion to detect the recoils 
from both targets. The tracks caused by recoils from 
one target were made distinct from the tracks belonging 
to the other target by rotating the emulsion plane 
180° about its perpendicular axis when the targets were 
changed. Under the microscope the scanner sees the 
tracks from one target travel up the field of view and 
the tracks from the other target travel down the field 
of view as he racks down into the emulsion. Since both 
sets of tracks occur in the same block of emulsion and 
are scanned simultaneously, there should be no 
difference in scanning efficiency. Simultaneous scanning 
also reduces the total scanning time. 

Other essentia] features of the experimental arrange- 
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Fic. 2. Deuteron recoil energy as a function of laboratory angle 
for “elastic” processes produced by a 270-Mev y ray. 
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ment shown in Fig. 1 are the absorber A, the clearing 
magnet, and the vacuum envelope. Absorber A prevents 
particles from traveling from target to emulsion through 
the fringe field. The clearing magnet sweeps charged 
particles from the beam before they reach the experi- 
mental target, thereby considerably reducing the 
electron background in the emulsion. The vacuum 
envelope allows one to evacuate to forepump pressure 
the entire target-plate system as well as a part of the 
synchrotron beam path on either side of the target. 
The removal of the air reduces the background and is 
mandatory at the 4° position where electrons produced 
from the air behind the target may reach the emulsion. 

Auxiliary experiments were performed to determine 
the no-target background and the amount of scattering- 
in. The no-target background was observed directly by 
exposing an emulsion in the usual experimental arrange- 
ment without the experimental target in position. No 
tracks which had acceptable values of incident angle 
and track length were found in this emulsion. Conse- 
quently an upper limit of 5 percent may be placed on 
the no-target background contribution to the total 
yield from the CD, target. In taking the difference 
between the CD, and C yields, the no-target background 
should subtract out, so no significant error is anticipated 
from this source. 

Deuterons coming from the target may scatter from 
the polefaces of the magnet and strike the emulsion. 
Since the solid angle subtended at the target by the 
magnet polefaces is much larger than that subtended 
by the emulsion it seemed possible that the scattering- 
in from the polefaces might produce a serious error in 
the experiment. The scattering-in was observed 
directly by placing an absorber between the target and 
the emulsion in such a way that the emulsion was 
shielded from the target but both target and emulsion 
still had an unobstructed view of the poleface area. 
Thus, any particles which originated in the target and 
still reached the emulsion must have been scattered 
from the polefaces or other adjacent material. The 
number of such tracks was smal] enough to place an 
upper limit of 7 percent on the contribution of scattered- 
in tracks to the total number of CD.—C difference 
tracks. In addition, about half of the exposures were 
made with “antiscattering-in” baffles on the polefaces. 
These baffles prevented scattering-in from a significant 
fraction of the poleface area. The results with and 
without the baffles in place were found to agree within 
the statistical uncertainty, confirming our direct 
observation that the scattering-in was not a large effect. 


COLLECTION AND EVALUATION OF THE DATA 


The scanners recorded only those tracks (about 3300 
total were finally acceptable) with incident horizontal 
angles corresponding to momenta falling within limits 
set by the selected gamma ray energy interval. (At both 
emission angles the effective gamma energy interval 
was chosen to be 270+30 Mev. The deuteron recoils 
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Fic. 3 Examples of proton, deuteron, and a-particle tracks all 
having the same momentum near the minimum of the accept- 
able momentum interval when they enter the emulsion at the 
top. 


produced by these gamma rays via the elastic r° process 
had energies 40+10 Mev at 22°+4° and 50+10 Mev 
at 4°+4° in the laboratory.) The following information 
was recorded for each acceptable track: (1) a’, the 
projection of the horizontal incident angle on the 
emulsion plane, (2) the xy coordinates of the track at 
the air surface, (3) the direction of travel of the track 
in the field of view, (4) the estimated gain density, and 
(5) Ay, the y component of the projected track length 
on the emulsion plane. The measurement of a’ for a 
given track had a random uncertainty of +1° (the 
total interval of acceptance was about 10° wide). The 
systematic error in the measurement of a’, however, 
was not greater than 0.2°. Ay and the ry coordinates 
were determined with negligible uncertainty. The 
estimated grain density assigned to each track was 
subject to an estimated 30 percent total uncertainty. 
Coincidence scanning indicated that the absolute 
scanning efficiency was better than 95 percent. 

The distribution of the values of Ay and the estimated 
grain densities were investigated for the two groups of 
tracks obtained from each emulsion. The Ay distribution 
agreed in each instance with that expected for tracks 
made by recoils traveling directly from the target to 
the emulsion. The estimated grain densities were plotted 
as a function of the angle a’, the plots showing the 
expected decrease in grain density with increasing 
momentum. The grain densities of tracks from CD, 
and tracks from C corresponding to the same momentum 
were found to be the same. The absolute values of 
the grain densities were in good agreement with grain 
densities of tracks known to be made by deuterons of 
the same energy. (The latter tracks were observed in 
4004 emulsions exposed in the same experimental 
arrangement but at a dip angle of 5°. Since it was 
possible to observe both momentum and range the 
particle mass could be determined.) All tracks were 
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Tase I. Summary of experimental data. 


Deuteron lab angle 22° ’ 
Meson lab angle 124° 168° 
Emulsion No. 2C140 2C1i24 2C104-2C110 2C132A 2C145 
Uncorrected No 126 695 453 236 415 
totals Ne 69 501 296 183 343 
Corrected No’ 126 693 453 2% 433 
totals Ne’ 4s 290 183 345 
Differences 4N $8 193 163 53 &38 
Standard deviation 
of differences +15 +35 +27 +20 +28 
Normalized 4N* 67 80 95 37 44 
differences +26 +14 +16 +14 +14 
da/dQ at 270 Mev (32209) xi0* (1.32405) x10 ™ 


(cm?* per stera 
dian per incident 
photon per target 
nucleus) 


excluded from the final count which had estimated 
grain densities less than one-half the mean grain 
density attributed to deuteron tracks at the same 
incident angle. Since, for the same momentum, the 
grain density of proton tracks is only one-third that of 
deuteron tracks and since the estimated grain densities 
are accurate to within 30 percent, this selection pro- 
cedure insured that all the deuterons and none of the 
protons were included in the final count. 

Before the CD,—C subtraction was performed some 
small corrections were applied to the total number of 
tracks Np from the heavy paraffin, and to the total 
number of tracks Ne from the carbon. The corrections 
adjusted for errors arising from (1) the difference in 
energy loss of the recoils in the CD, and C targets, (2) a 
small difference in the amount of carbon in the two 
targets, and (3) any difference existing in angle of 
inclination of the emulsion during the CD, and C 
target runs. These corrections were never more than 
5 percent each and, since they tend to cancel, the total 
correction was even less. In Table I the origina! totals 
Np and Ne, the corrected totals Np’ and Ne’ and the 
difference AN=Np'—Nc’ are shown for the various 
emulsions scanned. The differences AV* are the A.V’s 
normalized to correspond to the same emulsion area 
and synchrotron exposure. A.V*, therefore, should be 
the same for all the emulsions at the same deuteron 
recoil angle. The AV*’s were averaged at each of the 
two major angles to give the final cross sections shown 
in Table I. The uncertainties indicated in the final 
results represent the standard deviation of the total 
experimental uncertainty. The various contributions 
to the total uncertainty are shown in Table II. The 
ratio of the cross section at the two angles is independent 
of the uncertainties in synchrotron energy, the standard 
ion chamber calibration, and the number of target 


Taste II. Contributions to total experimental error 


Percent uncertainty in 
final cross section 


Source 124° 168° 
Statistical 12 24 
No. of photons 9 9 
No. of target nuclei 5 5 


Solid angle 2 2 





DAVIS AND D. R. 


CORSON 


nuclei per cm*. The value of the ratio with its standard 
deviation is R(168°/124°)=0.41+0.12. 

Our results and those of Wolfe ef al.! are compared in 
Fig. 4 of the preceding paper with the theoretical curves 
calculated by Brueckner and Chappelear for the elastic 
«® process. The calculations assume constructive 
interference and a (2+3 sin’#) distribution in the 
center-of-mass system. The upper curve was calculated 
by using the impulse approximation; the lower curve 
was obtained in the same way except that corrections 
arising from the multiple scattering of the #° by the 
nucleon system were taken into account. It is apparent 
that both experiments are compatible with the theore- 
tical angular distribution. Our absolute values are 
considerably higher than the theoretical curves and 
higher than Wolfe, Silverman, and DeWire’s experi- 
mental values. However, in view of the uncertainties 
of both measurements and of the calculations as well, 
no particular significance should be attached to this 
apparent disagreement. 


CONCLUSIONS 


Two pieces of information are obtained from the 
experiment: (1) the order of magnitude of the absolute 
value of the cross section and (2) the ratio of the cross 
sections at 124° and 168°. Our result for (1) is in 
agreement with that found by Wolfe ef a/., and we 
confirm their conclusion that the interference is 
constructive for elastic r® production near 300 Mev.‘ 

Result (2), the ratio of the cross sections at 124° 
and 168° is, as we have pointed out, related to the 
angular distribution of the x production from hydrogen. 
If this latter distribution is represented by G(@), then 
in the impulse approximation the angular distribution 
for the elastic production from deuterium at a given 
y-ray energy has the form (do/dQ)~F(6)P(6), where 
F(@) is closely related to G(@) but with a relatively 
smaller isotropic part, and /*(@) is the probability 
that the deuteron remains bound after the r° production. 
Accepting this qualitative picture of the process, and 
taking G(9)=a+-6 sin*®, we may use our data to set a 
lower limit on a/6, the relative isotropic part of the 
angular distribution for #°’s photoproduced from the 
free proton, by the following arguments: 

(1) The deuteron is less likely to remain bound 
when it recoils with higher momentum, i.e., when it 
goes more forward and the meson goes more backward 
(168°). So without using any detailed calculation of 
I°(6) we can safely say that [°7(168°) < /*(124°), and we 
will use the extreme value /°(168°) = /°(124°) leading to 
a minimum a/b in our limit calculation. 

(2) The effect of scattering by the ‘“‘spectator”’ 
nucleon is not known for sure, but the qualitative 
features of the calculation by Brueckner and Chappelear® 

«C. C. Andre [University of California Radiation Laboratory 
Report No. 2425, 1953 (unpublished) ] also found constructive 
interference for the elastic cross section near threshold at 150 Mev. 


® See the preceding paper for discussion of the theoretical curves 
[ Wolfe, Silverman, and DeWire, Phys. Rev. 99, 268 (1955) ]. 
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show that, in the laboratory angle interval of interest, 
the primary effect is to suppress the cross section and 
not to change the angular distribution. Consequently 
we ignore the effect of such scattering in calculating a 
minimum a/b. 

(3) The isotropic part of the free proton angular 
distribution will, if anything, be larger than the 
isotropic part of the elastic deuteron angular distribu- 
tion (before modification by the deuteron form factor). 
Again we take the extreme case of no difference in the 
two distributions in calculating a lower limit for a/b. 

On the basis of these arguments, and using our 
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measured cross-section ratio R(168°/124°)=0.41+0.12, 
we calculate a/b > 0.35733. 

If we take the impulse approximation at its face 
value, use Chew and Lewis* values for 7°(@), and make 
no scattering corrections, we calculate a/b= 0.8073.) 
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Energy Distribution of ~ Rays from =’ Decay* 
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It is shown that the y-ray energy distribution resulting from the decay of x® mesons produced in a target 
bombarded by a high-energy particle beam is related in a simple manner to the differentia! r® production 
cross section, for sufficiently high energies of the y’s (2500 Mev). An expression is obtained for the +° 
production cross section in terms of the y-ray energy distribution. This result is extended to the case of an 
arbitrary two-body decay, for which an expression is obtained for the production cross section of the pri- 
maries in terms of the energy distribution of the secondaries emitted in the decay. 





I, INTRODUCTION 


NFORMATION about the 2° meson production in 

a target bombarded by a high-energy particle beam 
can be obtained from a measurement of the energy dis- 
tribution of the y rays from the w° decay at various 
angles to the beam. At incident energies in the range 
of 200-400 Mev,' the interpretation of the y-ray 
spectrum is very complicated, because at each angle of 
observation, a wide range of angles of the 7s is 
involved. However, with increasing energy of the inci- 
dent particles and of the resulting y rays from 2° pro- 
duction, the maximum possible angle between the 
observed y and the decaying x” becomes very small, and 
it can be assumed that the x° differential production 
cross section remains approximately constant over the 
small range of x° angles involved. It will be shown that 
in this high-energy region (y energy 2 500 Mev), the x” 
cross section can be expressed in a simple manner in 
terms of the y-ray energy spectrum. A similar expres- 
sion will also be obtained for an arbitrary two-body 
decay for the production cross section of the primaries 


* Work rk performed under the auspices of the U. S. Atomic 
Energy Commission. 

See, for example, A. Silverman and M. Stearns, Phys. Rev 
88, 1225 (1952): G. Cocconi and A. Silverman, Phys. Rev. 88, 
1230 (1952); Goldschmidt-Clermont, Osborne, and Scott, Phys. 
Rev. 89, 329 (1953) ; Phys. Rev. 97, 188 (1955); Walker, Oakley, 
and Tollestrup, Phys. Rev. 89, 1301 (1953); Marshall, Marshall, 
Nedzel, and Warshaw, Phys. Rev. 88, 632 (1952); R. H. Hilde- 
brand, Phys. Rev. 89, 1090 (1953). 


in terms of the energy distribution of the secondaries 
which are emitted in the decay. 


Il. RELATION BETWEEN =’ PRODUCTION CROSS 
SECTION AND y-RAY ENERGY SPECTRUM 


The velocity », of the x° in the laboratory system is 
related as follows’ to the laboratory angle y between 
the observed y and the 2°: 


k=~y,k(1—2, cosp), (1) 
where & is the energy of the y-ray in the laboratory 
system, k is its energy in the x rest system, and 
7¥2=(1—2,*)~!. Upon squaring Eq. (1) and solving for 
v,, one obtains 


_# cosy: k(k*— ke sin'y)! 
k? cosy+F 


The total energy E, of x” is given by 
) £ 5 


P m, (k* cos*y + k*) . 
= (3) 
b k--cosy(k— kK sin’y)*] 


where m,=mass of x’. It is seen that for a given y, 
there are in general two values of E,. Moreover, since 
the expression under the radical must be positive, ¥ is 





* Tt is assumed that the units are such that c=1. 
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SVmax, Where Ynax is given by 
Venax = sin (k/k). (4) 


Wmax becomes very small at high energies &; thus 
Vnax= 7.8" for k=500 Mev, and 3.9°, for k=1 Bev. 
Hence the spectrum of y rays above ~500 Mev depends 
only on the production cross-section for r° at about the 
same angle as the angle of observation of the y rays. 
This result is not inconsistent with the fact that 2° 
mesons of all energies emit some y rays at large angles 
to their direction of motion, and even backwards, 
because these large angle y’s have low energy in the 
laboratory system ( $100 Mev). Equation (4) cor- 
responds to the case in which the y ray is emitted at 
right angles to the direction of x° in the r° rest system. 
The transverse momentum in the laboratory system is 
then &, so that: siny=k/k. 

Figure 1 shows E, vs ¥ for photon energies k= 200, 
400, 600, and 800 Mev. The lower branch of the curves 
corresponds to the + sign in Eq. (3); the upper branch 
corresponds to the — sign. The smallest E, is obtained 
for ¥=0° and is given by 


Ex, min=k(+F/#), (5) 


which approaches & as & is increased. For ~=Wmax, WE 
have E,=2k. The largest E, is Exmax=®, and is 
obtained for ¥=0° on the upper branch of the curves. 

We now obtain an expression for P(k,#,), the number 
of y rays per unit energy interval dk and per unit solid 
angle at an angle 6, to the incident beam, in terms of 
{(E,§,), the differential x production cross section 
per unit energy interval dE, and per unit solid angle 
at an angle 6, to the beam (see Fig. 2). The number of 
y rays in a small energy interval dk can be written 


P(k§,)dk=nN E [wf dees E,f.) 
<sind,(2/4r)JdE,, (6) 


where n==number of incident particles, V =number of 
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Fic. 1. Total energy £, of x* as a function of the angle ¥ between 
#* and y for various y energies 4. The crosses correspond to the 
maximum angle ¥eox- 
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Fic. 2. Relationship between the angles involved in Eqs. (6) 
and (7). The lines marked x and y indicate the directions of 
motion of the x* meson and the 7 ray. 


target nuclei per cm*, ¢,=azimuthal angle of 7°, 
(2/4) is the number of y rays per steradian in the r° 
rest system, and J is the Jacobian for the transformation 
from the x rest system to the laboratory. In Eq. (6), 
the integrations extend over the regions of 6, and ¢, 
which contribute to the y intensity at 6, (i.e., for which 
WV SVmex); GE, is the interval of E, corresponding to dk 
at (6,,¢,); the sum refers to the fact that there are, in 
general, two such intervals for given values of 6, and 
¢~ for which ¥ S¥max. Equation (6) can be evaluated 
more conveniently by using the direction of the y as 
the polar axis. We have J=0 cosy/d cosy, where ~ is 
the angle between x° and y in the x” rest system. One 
obtains 


oan dE, f 2 \ A cosp 
P(kp,)=nN & f f ExBy)—(- ea 
0 Ok \4r/ 0 cosy 


X (2x) singdy. (7) 


Here {(E,,9,) has been used instead of f(£,,9,) on the 
assumption that mex is small enough so that /(E,,6,) 
does not vary appreciably over the range of 6,. Thus 
Eq. (7) is valid for k2>500 Mev (where Yinax=7.8°), 
although it may hold with reasonable accuracy down 
to k~200 Mev (Wmax~20°). An exception may occur 
near the forward direction’ if {(E,,9,) near 6, =0° varies 
rapidly over a region of angles of the order of Wmax. 
In order to obtain @ cosy/d cosy, we note that 


cosy = (cosy —?t,)/(1—?, cosy). (8) 
Differentiation of (8) gives 


8 cosy 1 k 
#E een, (9) 
dcop y.2(1—2, cosy)? & 


Since ¥ and #/# are small, we set cosy~1 in Eq. 
(3) and neglect & in comparison with &, except in the 
term F*—# sin*y. As shown below, the resulting errors 


* This possibility was pointed out to the author by Dr. M. H. 
Ross. 
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are very small above k=500 Mev. Equation (3) 
becomes 


m,k 


E,=—— lees (10) 
k+ (k*— k sin*y)! 


From Eq. (10), one finds 
sinydy = 4(F/E,*)[1—1/ (2x) WE,, (11) 
dk, 1 


=———, (12) 
Ok x(2x—1) 

where x= k/E,. Upon inserting (9), (11), and (12) into 
(7), one obtains 


* f(Ez),) 
P(k,p,)= anv f hetero” OF 
k E, 


(13) 


It may be noted that the integral over y of Eq. (7) has 
been transformed into an integral over E, by means of 
(11). Upon differentiating both sides of (13), one obtains 


OP(k§,) 2nN f(k,O,) 
=— . (14) 
Ok k 


which gives 


’ k OP(k@,) 
f(k0,)=—- (15) 
2nN Ok 


Equation (15) gives the production cross section in 
terms of the number of y rays observed.‘ We note that 
the argument (4,6,) of f refers to the energy and angle 
of the x”, i.e., the expression for f at a given energy 
and angle involves kdP/dk evaluated at the same 
energy and angle. Equation (15) implies that dP/dk<0 
in the region of validity of this equation. This also 
follows directly from (13), since P is an integral from 
k to © over a positive function. As mentioned previously, 
the preceding treatment is valid only for high y energies 
(k2500 Mev), although it may give a reasonably 
accurate estimate down to k~200 Mev. At still lower 
energies, it is not legitimate to replace f{(£,,0,) by 
{(E,,9,) in Eq. (6). In this case, the y-ray spectrum 
involves an integral over the production cross section 
for a wide range of angles 6,, and it is probable that a 
measurement of P(k,#,) at several angles 6, would be 
necessary to determine /(£,,#,) for any given @,. 
Moreover, the procedure for solving Eq. (6) for f 
would then be very complicated.° 


‘A similar expression has been obtained by Carlson, Hooper, 
and King [Phil. Mag. 41, 701 (1950)] for the energy spectrum of 
x® mesons irrespective of angle in terms of the y-ray spectrum 

5 For the case of ® mesons produced by 7 rays in hydrogen, 
Borsellino has obtained an expression for the energy distribution 
of the decay y rays, P(k#,), on the assumption that the r° 
production cross section in the center-of-mass system of the 
and the proton is proportional to A cos¥,+B, where 6, =center- 
of-mass angle of x [see G. Cocconi and A. Silverman, Phys. Rev. 
88, 1230 (1952) ] 
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In order to test the validity of the approximation 
made by using Eq. (10) for Z,, the integrand of Eq. 
(13) was evaluated exactly for k=400 Mev and 800 
Mev. The exact integrand which replaces [n.V/(E,,8,)] 
X (2/E,) of Eq. (13) is given by 


T=[nN f(E,,8y) ] (16) 


” 2 

E, Ok 3 
The exact expressions for 0EZ,/dk and dy/dE, as 
obtained from Eq. (3) were calculated for the complete 
range of ¥, and the resulting values of the curly bracket 
of Eq. (16) were compared with the approximate value 
2/E,. For k= 400 Mev, 2/£, is smaller than the exact 
value by an amount which decreases from 6 percent to 
2 percent as y increases from 0° to Wmax(=9.7°) along 
the lower branch of the E, vs ¥ curve (corresponding to 
the range of E, from 411 Mev to 800 Mev). For the 
upper branch of the E, vs y curve, the error is of the 
order of 2 percent. For k=800 Mev, the underes- 
timate is <2 percent for the lower branch of the EZ, vs 
y curve. These errors are quite small and of the ex- 
pected order of magnitude, being somewhat less than 
m,*/k*. 

In Eq. (13), the lower limit of the integral was taken 
as k. If the exact expression for Ey, min [Eq. (5) ] is used, 
one obtains 


dy JE 
ae oe 


° f(E.f,) 
P(kp,)= 20 f -—_——---d } 
k (14k */k*) E, 


Differentiation of (17) gives 


(17) 


dk,. 


ak k(i+k/k) dk 


aP(kp,) ([k(1+h/k*),0,] d ke 
= — 2nN—— — = [(1+ | 


k? 


Since k?/k®<«<1, Eq. (18) becomes 


: 2hy k aP(kf,) 
fLRA+h #),0,]=—(14 ) . (19) 
k? 7 2nN Ok 


Upon replacing k by k(1—#/k*) on both sides of Eq. 
(19), one finds 


ky aPC k(1—k/k*), 0, ) 
) . (20) 


k 
S(k9,) = = (1+ 
2nN ke? Ok 


Equation (20) may be compared with (15). Both the 
presence of (1+#/k) and the fact that dP/dk is 
evaluated at a smaller y energy [4(1—/*/k) instead 
of k] contribute to increase /(2,6,), since it is expected 
that |0P/dk| increases with decreasing k. On the other 
hand, the underestimate of the integrand of Eq. (13) 
tends to give a value of f which is too high. Hence the 
replacement of the exact lower limit Ey, win by & is 
probably compensated to some extent by the use of the 
approximate integrand in Eq. (13). It can be concluded 
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that the accuracy of Eq. (15) is of the same order and 
possibly somewhat better than the maximum errors of 
6 percent and 2 percent in the integrand which were 
found for k= 400 Mev and 800 Mev, respectively. 

Swartz and DeWire* have made measurements of the 
y-Tay spectrum at 90° to the proton beam of the Brook- 
haven Cosmotron, at proton energies of 1, 2, and 3 Bev. 
If one assumes a target nucleon Fermi energy of 25 
Mev, the cutoff energy of the y rays is 471, 659, and 
766 Mev, respectively, for the three proton energies. 
The observed spectra’ at the three energies show a 
maximum at ~100 Mev and extend up to energies in 
the range 300-600 Mev. At 100 Mev, Wax =42.5°, and 
the above treatment does not apply. However, near the 
upper end of the spectrum (& 2 300 Mev), Eq. (15) can 
be used to give an estimate of the x° production cross 
section. For forward angles of observation (6,<45°), 
Eq. (15) applies over a wider range of energies, since 
the cutoff & is then of order 1-3 Bev. 


Ill. EXTENSION TO GENERAL TWO-BODY DECAY 


It seems of interest to extend Eq. (15) to the case of 
an arbitrary two-body decay. The result may be of 
interest in cases of the decay of unstable particles in 
which it is easier to detect the secondaries than the 
primaries. As an example, one may consider the possi- 
bility of counter experiments to detect the # particles, 
in which the energy distribution of the x* and 
mesons is measured. 

We consider secondary particles of total energy’ E 
in the laboratory system, which are moving at an angle 
6 to the incident beam. By a derivation similar to that 
of Eq. (3), one finds that the laboratory total energy E, 
of the primary particle is related as follows to E and to 
the angle ¥ between primary and secondary: 


m,(p? cosy +E") 
E,=— ; (21) 
EE p cosp(j’— p* sin*y)! 


where p=momentum of secondary in laboratory 
system, m,=mass of primary particle, E and j are the 
(constant) energy and momentum, respectively, of the 
secondary in the rest system of the primary. Equation 
(21) shows that ¥ must be Symax, where 
Wnax = sin™' (p/p). (22) 
E, is double-valued for ~<wWmuax. These results are 
similar to those obtained for the r° decay [see Eq. (4) 
and Fig. 1 }. 
The number of secondaries P(£,9) per unit energy 


*C. E. Swartz and J. W. DeWire, Bull. Am. Phys. Soc. 30, 
No 1, 25 (1955), and private communication. 

Throughout this section, letters without a subscript refer to 
the secondaries; letters with subscript » refer to the primaries. 
Unbarred quantities pertain to the laboratory system, while 
barred quantities pertain to the rest system of the decaying par- 
ticle. 
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interval and per steradian is given by 
max 
P(E) =2xnN xf S( E59») 
0 


X (dE,/GE)(1/4x)J sinpdy, 


where /(E,,9,) is the differential cross section for pro- 
ducing primaries of energy E, at an angle @, to the 
incident beam; J= Jacobian; the factor (27) comes 
from the integration over the azimuthal angle; (1/41) 
gives the number of decays per steradian in the rest 
system,* and the sum sign indicates summation over 
the two branches of the E, vs ¥ curve. In the following, 
it is assumed that E£ is sufficiently high so that Wmex is 
small (10°) and /(£,,6,) can be replaced by f(E,,9), 
ie., f can be evaluated at the angle of the secondary. 
Following the same procedure as in Sec. II, we set 
cosy~1 in Eq. (21), and neglect EF and f in com- 
parison with E? and p*, except in the term p’— p’ sin*y. 
In this approximation, the difference between p and E 
is also neglected. Equation (21) becomes 


mE 


(23) 








nt (24) 
~ B+ (p-E sin’y)! 
Upon introducing 
x=E/E,, (25) 
Eq. (24) gives 
siny= E-*(2m,Ex—m,?x°—m*), (26) 
sinydy = (m,?/E,®)[1—E/(m,x) dE, (27) 
coe Foe cna ‘ (28) 


dE mx?(m,x— EB) 


where m= mass of secondary particle. 

The Jacobian J is given by d cosy/d cosy, where 

is the angle between primary and secondary in the 

rest system. By a straightforward calculation, one finds 
P 

Ju > SEES Se 


— (29) 
YsB(p—t»E cosy) 


where t= velocity of primary and y,=(i—»,*)-. 

Equation (29) is exact. We now make the approxima- 
tion used above, of treating terms such as m*/E? and 
m,"/ FE as small compared to 1. One obtains by means 
of (26): 


= (p?+m*)! = p[1+m*/ (29°) J, (30) 
t»p=1—m,2/(2E,2), (31) 
cosy = 1—y?/2=1— (2m,Ex—m,2x*—m*)/(2p*). (32) 


© It fe asumed thet the decay is isotropic in the seat aystem of 
the primary particle. 
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Upon inserting (30)—(32) into (29), one finds 


ip 5: 
p(m,Ex—m*) 
Upon substituting (27), (28), and (33) in Eq. (23), 
one obtains 


nNm, p® f(Ey) 
P(E~)=—— f cma? 
2p ve . 


(33) 


(34) 


p min “p 


where Ey min and Ey max are the minimum and maxi- 
mum values of E,, given by 


Ep, min=m,E/(E+p) =aE, (35) 
Ey, max= ME (E—p) =BE, (35a) 


where a and @ are coefficients defined by (35) and (35a). 
Upon differentiating both sides of (34), one obtains 
nNm, 


aP(E,#) 
——— = -—_ f(aE,6)— f(E,9)]. 
ak 2pE 


(36) 


It is convenient to introduce p and ((E,) defined by 


p=B/a=(E+p)/(E—p), (37) 
2pE aP(EP) 
as a ce daOaR Res (38) 
nNm, OE 
Equation (36) can be written 
QO(E,9) = f(aE,9)— {(BE,9). (39) 


Q(E,@) can be obtained from the observed intensity of 
secondaries. In order to solve Eq. (39) for f in terms 
of Q, we note that 


Q(pE,9) = f(apE,9) —f(ap*E,f), 


and there are similar equations for Q(p’E,) for j 22. 
It is seen that f(a£,9) is given by 


f(aE,9)=Q(E9)+0(pE,9)+0(PEp)+---. 


Since a>1, Q(E,9) involves only values of f(£,,0) for 
E,>E. In view of p>1, the sum of Eq. (41) will 
therefore have a finite number of terms, limited by the 
energy of the incident beam. Thus if j,, is the largest j 
for which Q(p’/E,9)>0, we have 


(40) 


(41) 


S(EP) =X OW'E/a, 9). (42) 
j=’ 

This equation gives the differential production cross 
section f in terms of Q, which in turn is related to the 
energy distribution of the secondaries by Eq. (38). In 
Eq. (42), E and @ are the energy and angle of the pri- 
mary. The errors involved in the use of (42) are of 
order (m,a/E)’, i.e., m,* divided by the square of the 
lowest energy of the secondary for which Q must be 
evaluated. 
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As an example, for the @ decay, B= 247 Mev and 
p=204 Mev/c give a=1.095, 8=11.5, and p=10.5. 
Equation (42) becomes 


{(E,0) =2(0.913E,)+0(9.58E,0)+---. (42a) 


It is seen that for 3-Bev incident protons, in the region 
of validity of the formula (E21.5 Bev), only the first 
term of (42a) is present. As a check on the approxima- 
tions made in the integrand of (34), (@£,/dE)J 
Xsiny (dy/dE,) was calculated exactly [using (21) and 
(29) ] for pions of kinetic energy 2 Bev arising from # 
decay. For the lower branch of the E, vs p curve, it 
was found that the approximate value m,/(pE,) of Eq. 
(34) underestimates the exact value by <5 percent. 
This is approximately m,?/E*=0.053. 

Equation (42) can also be used for the pions from A° 
decay. In this case, a= 4.10, 8= 15.5, and p=3.78 give 


(E90) = (0.244E,9) +0 (0.922E 9) 


+0(3.49E,0)+-+-. (42b) 


For the r—y decay, we have a=1, 8=p=1.71, so that 
S(E9)=QO(E9)+O0(1.71£,9)+-0(2.91E,0)+---. (42c) 
IV. CONCLUSIONS 


It has been shown that the differential cross section 
for x production by a high-energy beam incident on a 
target can be obtained directly from a measurement of 
the energy distribution of the decay y rays at various 
angles to the beam. This result is given by Eq. (15), 
which holds when the total energy of the #° is 2500 
Mev, although it may give reasonable estimates down 
to ~300 Mev. The energy distribution of the y rays 
can be measured with a total absorption y-ray spec- 
trometer’ of the type used by Swartz and DeWire.* 
Hence in this high-energy region, the experimental 
arrangement and interpretation are expected to be 
less complicated than at bombarding energies in the 
range’ of 200-400 Mev, where it is advantageous to 
observe coincidences of the decay y rays or the range 
of the recoil protons for the case of photoproduction in 
hydrogen. Equation (15) is obviously independent of 
the nature of the incident particles which produce the 
r”’s. However, this treatment is not applicable to the 
low-energy end of the #° spectrum, 

The results for the #° decay have been extended to 
a general two-body decay, for possible application to 
counter experiments to detect K mesons or hyperons."® 
In this case, Eqs. (38) and (42) give the differential 
prduction cross section of the primaries in terms of the 
energy distribution of the secondaries arising from the 
decay. 

I would like to thank Dr. J. W. DeWire, Dr. M. H. 
Ross, and Dr. C. E. Swartz for helpful discussions. 

* A. Kantz and R. Hofstadter, Phys. Rev. 89, 607 (1953); R. S. 
Foote and H. W. Koch, Rev. Sci. Instr. 25, 746 (1954); R. M. 
Sternheimer, Atomic Energy Commission Reports AECU-2982, 


2983, and 2984 (unpublished). 
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The existence of photons among the decay products of K-mesons is confirmed [see Bridge, Courant, 
DeStaebler, and Rossi, Phys. Rev. 91, 1024 (1953) ]. If these photons arise through a two-body decay 
process, it is not possible to assume that they are produced directly as the neutral product; however, they 
can be accounted for quite naturally by assuming that the neutral product is a x°-meson. The frequency 
with which the photons are observed is low and for this reason it is not possible to interpret all the decay 
events observed in the cloud chamber in terms of a single two-body decay process in which the neutral 
particle is a x°-meson. The statistical arguments leading to this conclusion are given 


I. INTRODUCTION as a spray of five electrons emerging directly from the 
plate of decay in a general direction opposite to that 
of the charged decay product. 

In Fig. 2 (32531), the decay occurs in the sixth plate, 
and the electron cascade is seen to emerge from the 
seventh plate. The nonionizing link between the point 
of decay and the plate where materialization occurs is 
strong evidence that the cascade is initiated by a 


ECENT observations of K-particles by means of 

multiplate cloud chambers have been reported by 
the Ecole Polytechnique’ and the M. I. T. groups.?# 
The general features of the events and a bibliography 
of previous work will be found in these two publications. 
In this paper we consider K-particles which stop in the 
cloud chamber and so decay at rest. This type of decay ‘ ° 2 : ; 
is classified phenomenologically as an S-event. To Photon. In this case the direction of the photon is 
identify such an event we have required either (a) that 
the charged secondary product traverse at least 10 g 
cm™~ of lead without multiplication, er (b) that the 
neutral decay product be detected. 

In all of the analysis which follows, we assume in 
each case a two-body decay scheme (however, not 
necessarily the same decay scheme for all events). The 
main justification of this assumption is that the range 
spectrum of the charged secondaries of the decay events 
does not contain many short-range cases. These would 
be expected if the decay process were a three-body one. 

The experimental data consist of 33 S-events, all of 
which were obtained using a plate assembly of 11 lead 
plates, each 1.1 radiation lengths thick. Among these 
33 examples, we have found 9 in which there is an 
electron cascade close to the point of decay. The present 
paper presents a study of this particular phenomenon. 
Additional details concerning the events as well as 
some more recent data obtained with a different plate 
assembly have been reported previously.’ 


Il. ELECTRON CASCADES 


Figures 1, 2, and 3 are pictures of S-particle decay 


events in which a related electron cascade is observed. 
In Fig. 1 (25178), the decay occurs in the fourth plate 
from the top, and the electron cascade manifests itself 

© Tide work wes supported in part by the icint program of th 
Office of Naval Research and the | S. Atomic Energy Com 
mission 

t Now at Laboratoire de Physique del’Ecole Polytechnique 
Paris, France 





Gregory, Lagarrigue, Leprince-Ringuet, Muller, and Peyrou Fic. 1. Example of associated S-event and electron cascade 
Nuovo cimento 11, 292 (1954 2 is the point at which the K-meson enters the chamber; 6 is the 

* Bridge. Pevrou, Rossi, and Safford, Phys. Rev. 90, 921 (1953 point of decay; ¢ is the point at which the charged secondary 

* Bridge, Courant, Dayton, DeStaebler, Rossi, Safford, and leaves the chamber; and d is the point at which the electron 
Willard, Nuovo cimento 12, 81 (1954 cascade is initiated 
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180°+5° from the line of flight of the charged decay 
product. 

Figure 3 (2877), is similar to Fig. 2 in that there is a 
nonionizing link between the point of decay and the 
point where materialization occurs. In this case, how- 
ever, the angle between the trajectory of the photon 
and that of the charged decay product is 155°+5°. 

Before discussing the significance of the observation 
of the electron cascades, it is necessary to establish 
unambiguously that the observed cascades are related 
to the S-particle decays. To do this we must evaluate 
the probability of chance association, i.e., the proba- 
bility of finding an unrelated electron cascade that has 
the characteristics of direction, proximity, and general 
behavior which might lead us to identify it erroneously 
as a manifestation of the neutral decay product. 

For this purpose we have examined the pictures 
exhibiting S-particle decay and counted the number of 
cascades observed anywhere in the chamber. Each of 
these electron cascades shows a general direction of 
propagation, and we assume that the origin of the 
initiating photon must be somewhere within a cone of 
15° half-angle from this inferred line of propagation. 
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Fic. 2. Example of associated S-event and electron cascade. 
a is the point at which the K-meson enters the chamber; 6 is the 
point of decay; c is the point at which the charged secondary 
leaves the chamber; and d is the point at which the electron 
cascade fs initiated. 
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Furthermore, we assume that the origin of the initiating 
photon must be within two radiation lengths (2 plates 
of our chamber) from the point where the electron 
cascade is observed. In this manner we define a volume 
of ma‘ rial in the cloud chamber in which a fortuitous 
S-event would erroneously be associated with the elec- 
tron cascade. 

To obtain the probability for a chance association 
between an electron cascade and an S-particle decay 
we take the ratio of the volume of material available 
for making such an association and that available for 
the S-event to be observed at all. This ratio has a value 
of 0.0013, and it is a measure of the probability that 
there be a chance association between a particular 
S-event and an electron cascade. This figure is based on 
31 suitable examples of S-decay in which related elec- 
tron cascades might have been observed if they had 
occurred, The probability that all nine of our cases of 
cascades associated with S-decay are due to chance is 


P= (0.0013)*=10-**. 


This is the probability that none of the observed cas- 
cades are causally related to the phenomenon of 
S-decay. The probability that some of our nine cases 
are not genuine is 


P=1—(1—0,.0013)"=0.04. 


It therefore seems likely that most of our events which 
have been identified as exhibiting electron cascades in 
association with S-particle decay have been correctly 
interpreted on this point. 


Ill. NEUTRAL PARTICLE AS z’-MESON 


In this section, we investigate the possibility that 
the observed electron cascades originate from the decay 
photons of ’-mesons under the assumption that the 
r’-meson is produced in a two-body decay process. To 
do this we compare the observed angular distribution 
of the photons with that expected under the above 
assumptions. 

We define ¢ as the angle between the trajectory of 
the charged decay product and that of the observed 
photon. Let 3* be the angle between the direction of 
the photon and the direction of flight of the x°-meson as 
viewed in the frame of reference in which the r°-meson 
is at rest. The angles ¢ and #* are related by the 
expression 

—¥o tang= sind* / (cos?* +B»), 


where {8p is the velocity of the x°-meson in the laboratory 
system, and yo= 1(1—A,7)!. 

It is evident from the above relation that the photon 
which in the frame of reference of the r°-meson is 
emitted in a forward direction (0° <8* < 90°) will appear 
in the laboratory within a cone of semi-apex angle 
Jo== tan“ 1/(yq%) ]. For the purpose of graphically 
presenting the angular probability distribution of 
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Fic. 3. Example of associated S-event and electron cascade 
a is the point at which the K-meson enters the chamber; 6 is the 
point of decay; ¢ is the point at which the charged secondary 
leaves the chamber; and d is the point at which the electron 
cascade is initiated 


r’-meson decay photons as observed in the laboratory, 
we define the variable x as follows: x= ye tan’. Let us 
construct a cone of semi-apex angle # with the trajectory 
of the neutral decay particle as its axis. Consider the 
circle defined by the intersection of such a cone of 
height yo with a plane normal to its axis. The value of 
the variable x(8) then is equal to the radius of this 
circle. We define W(x)dx as the probability that the 
variable x lie in dx at x. W(x)dx can be considered as 
the probability that a photon traverse the above- 
mentioned circle in a ring of width dx at the radius x. 
Figure 4 shows the differential probability distribution 
W(x) of the forward photon (0°<d*< 90°) from the 
decay of a r°-meson of momentum p,*= 200 Mev / 
(In this case, our definition gives x= 1.78 tand 

Although the cone containing all photons emitted in 
the forward direction has a semiapex angle of 34 
(for p,s= 200 Mev/c), graphical integration of W (a. 
leads to the result that half of these photons are con 
tained in a coaxial cone of semi-apex angle 20 

In the analysis which follows, only the first seven of 
the nine observed decay photons are employed. This is 
due to the fact that the last two cases were added to 
our collection after the statistical analysis had been 
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performed, and that the determination of the angle ¢ 
in one of them is not very precise. 

In the frame of reference where the x°-meson is at 
rest, the differential angular probability distribution 
for the forward-going decay photon is 

W* (8*)dd* = sind*dd*. 
Since W* (8*)dd* = d(— cosd*), we introduce the variable 
z according to the definition z=cosd*. The resulting 
distribution is the rectangular distribution, ie., it has 
a constant value in the range 0<2z<1, and the value 


zero elsewhere. 
We now define the quantity K,, as follows: 


n 
K,=)> %;. 
re] 


Since 2; can assume any value between 0 and 1, it is 
clear that K,, may have values between 0 and n. 

In what follows, we will need the differential distri- 
bution W,, of K,. It can be shown that the probability 
W,.(K,)dK,, of finding K,, in dK, is given by*® 


dK, ™ n 
—> -0/ )ix.—n, 
(n—1)! ro r 


for values of K,, between m and m+1, where 
n 

(")- 

is the rth binomial coefficient of the power n. The 


probability function W;(K;) is shown in Fig. 5. One 
sees that it has a maximum at K;=3.5, which is thus 


!/(n—r) Ir! 
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Fic. 4. The differential probability W (x) that in the laboratory 
the more energetic photon emitted in the decay of a x*-meson of 
momentum 200 Mev/c has a particular value of x. The variable x 
is related to #, the laboratory angle between the line of flight of 
the photon and the r*-meson, by the equation x= 1.78 tand. 


*M. G. Kendall, The Advanced Theory of Statistics (Charles 
Griffin and Company Ltd., London, 1952), Vol. 1, p. 240 ff. 

*H. Cramer, Mathematical Methods of Statistics (Princeton 
University Press, Princeton, 1951), p. 244 ff. 
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TaBLe I. The experimentally observed values of K; and the corresponding values of P(AK;) computed as described in the text for 
several values of x*-momentum, p,* (Mev/c). P(AK;) represents the @ priori probability that K; deviates from the most probable value 




















by at least the amount observed. 
S-particle Space angle ¢ ai =cosdi* 
with photon (in lab system) pe =150 0 =200 Po = 250 Pye = 300 pe =350 po = 400 Pye =450 
i 180° 1.000 1.000 1.000 “1,000 1.000 ~——«1.000 1.000 
2 178° 0.999 0.998 0.997 0.995 0.994 0.993 0.991 
3 178° 0.999 0.998 0.997 0.995 0.994 0.993 0,991 
4 157° 0.567 0.392 0.210 0,000 0.000 0.000 0.000 
5 140° 0.000 0.170 0.340 0.456 0.566 0.607 0.677 
6 155° 0.510 0.318 0.120 0.000 0.120 0.170 0.240 
7 162° 0.708 0.588 0.470 0.340 0.210 0.120 0.000 
7 
K,;=2 x 4.78 4.46 4.13 3.79 3.88 3.88 3.89 
1 
P(4K;) 0.1 0.2 














the most likely value of K;. We can now compute the 
function 


Ky-AK7 
P(ak,)= f W (K,')dK7’ 
u 


+ W(Ky7')dKy’. 


K7+4K7 


This function represents the total probability of finding 
for >> ,’z; a value that deviates from the most prob- 
able value, K;, (K;=3.5) by more than a given 
amount, AK;. 

In Table I, we have tabulated the experimental 
values of K; and the corresponding calculated values of 
P(AK;) for six different assumed values of p,*. As ex- 
plained above, the values of P(AK;) given in Table I 
represent the a priori probability of finding a value of 
K; which deviates from the most probable value as 
much or more than does the experimental value. If 
P(AK-;) is sufficiently small we may conclude that the 
experimentally observed angular distribution is not 
related to that on which the probability calculations 
are based. It is seen that the angular distribution of the 
photons observed in the cloud chamber is consistent 
with that expected from °-mesons of momentum be- 
tween 150 and 400 Mev/c. 

We should point out that when we transform the 
observed angles into the rest system of the x°-meson 
some of the photons were emitted with #*>90°, i.e., in 
the backward cone. The number of these cases varies 
with the assumed value of p,°. In these events the value 
of 2; for the forward photon was used in the analysis. 
The estimated errors in the measurement of the space 
angles would allow the quantity P(AK;) to vary by as 
much as +0.3 for p,»= 150 Mev/c. This does not alter 
the conclusions of the analysis. 

If the electron cascades are interpreted in terms of a 
x’-meson, one might expect to detect both photons 
occasionally. However, in the nine cases of S-decay 
where related photons have been detected we have not 
seen evidence for a second photon which could possibly 


0.4 0.6 0.6 0.6 0.6 


be the other photon from the decay of the 2°-meson. 
We have examined each of these nine cases to determine 
the trajectory of this second photon (assuming a mo- 
mentum of 200 Mev/c for the x°-meson) and then 
calculated the probability for this photon to be de- 
tected. We find that because of the geometry of our 
nine events the likelihood of detecting the second 
photon is essentially zero in all cases. Thus the fact 
that we have not observed the second photon from the 
decay of a r°-meson in any of our examples is entirely 
consistent with the assumption that the observed 
photons originate in the decay of °-mesons created in 
the S-events. 

We should emphasize here that the treatment of this 
section is merely a test to see whether our data would 
fit the hypothesis of a x*-meson as a decay product in 
two-body decay. Our data may in fact fit some other 
hypothesis equally well. For example, a three-body 
decay in which one of the neutral particles is a photon 
may well be possible. However, the two-body decay 
scheme which has a single photon as the neutral product 
is certainly ruled out. 


IV. PROBABILITY OF DETECTING z*-MESON 
AS DECAY PRODUCT 


In this section, we now examine the hypothesis that 
a *-meson is created in each of our 33 examples of 
S-decay. 

We shall approach this problem from the point of 
view that the number of cases in which we have de- 
tected a photon is small compared to the number of 
cases we would expect to see under the assumption 
that a x°-meson is created in each decay event. 

Thus, our treatment of the data is to be an attempt 
to account for the small number of photons observed in 
our collection of 33 examples. We shall consistently use 
approximations which underestimate the probability of 
detecting photons, and which exaggerate the number of 
observed photons which should be included in the 
analysis. If this biased approach yields the result that 
our data are not compatible with the hypothesis that a 
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Taste II. Numerical values of 6,, and g. for 33 S-events. b is the 
detection probability for an electron cascade and q..= 1—6,..* 


™ be qa ™ be qa m bu qm 
i* 0.00 1.00 12 038 0.62 23 067 0.33 
2 000 10 13* 039 0461 24” 08 = 031 
3 000 1.00 14 039 O61 23 0 031 
4 006 0.94 15* 048 0.52 26 074 0.26 
5 010 090 16 048 0.52 27* 0.75 0.25 
6” O19 OBI 17 OSit 049 28 0.75 0.25 
7 020 O80 18 0.51 0.49 29 +0.76 0.24 
8 06.29 071 19° 0.52 048 30 «082 0.18 
9 029 O71 20 O55 OA5 31° O87 0.13 
10° 038 062 21 0.63 0.37 32 O87 = 0.13 
11 038 0.62 22 066 O34 33 (0.95) 0.05 


* The numbers indicated by a star (*) correspond to examples in which 
associated electron cascades were found 


r’-meson is created in each decay, we may certainly 
conclude that the premise is incorrect. 

In proceeding with the analysis of the individual! 
events, this over-all approach has the following direct 
consequences : 

(a) We shall accept as bona fide examples of associ- 
ated electron cascades those cases in which the charged 
secondary from the decay is not under observation in 
the cloud chamber for a range sufficient to identify the 
event independently as an S-event (the charged second- 
ary should be observed to penetrate at least 10 g cm™* 
of lead within the illuminated region of the chamber'). 
Among our examples one case falls into this category. 

(b) Although the analysis is based on the detection 
only of the forward photon (which is more energetic), 
we shall accept as examples of associated electron 
cascades those cases in which we have detected the 
backward-going photon. Among our examples two cases 
fall into this category. 

(c) The evaluation of the probability of detecting the 
forward photon in each of our 33 cases is based on an 
assumed momentum of 200 Mev/c of the 2°-meson. 
This is the lowest value that one can ascribe to the 
momentum of the x°-mesons if one assumes that the 
sample is homogeneous. For in one case, the charged 
secondary penetrates 85 g cm™ of lead before it leaves 
the chamber, and if it is a x-meson, its momentum 
exceeds 200 Mev/c. A decrease in this momentum in- 
creases the apex angle of the cone in which the decay 
photons must lie, and, since the portion of the cone 
that is found in the illuminated region of the cloud 
chamber usually decreases with increasing apex angle, 
the probability of finding the decay photon in the 
cloud chamber decreases with decreasing energy of the 
r’-meson. 

To determine the probability that we should see n 
associated electron cascades among the 33 examples of 
S-decay in our collection, we must first calculate the 
probability for detecting the photon in each case. This 
calculation must take into account the following: 
(1) the particular geometry of the event ; (2) the proba- 
bility that a photon will undergo materialization; and 
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(3) the probability that at least one of the created elec- 
trons will emerge from the plate where materialization 
occurs. We shall outline the method used for this 
calculation by considering the above points in order. 

(1) Geometry considerations.—In each case we have 
estimated the fraction of decay photons which were 
available for materialization in the illuminated region 
of the cloud chamber. This fraction in general has a 
new value for each lead plate which is to be considered. 

(2) Materialization probability—The materialization 
probability of the photon was evaluated for each lead 
plate on the basis of the estimated average angle of 
incidence of the photon to the plate. The energy of the 
photon was taken as 100 Mev. The materialization 
probability in lead for this photon is 0.6 per radiation 
length. 

(3) Probability of observing at least one of the electrons. 

-This part of the calculation takes into account the 
probability of catastrophic (radiative) energy loss by 
the electrons of the first generation in the cascade.* 
In most cases this results in a value of the electron 
detection probability of about 0.95. 

The evaluation of the photon-detection probability 
as outlined above is consistent with the general ap- 
proach detailed at the beginning of this section. In 
part 1 of this outline, we have made the assumption that 
the photon probability density is roughly constant 
within the #°-meson decay cone. This approximation 
results in an exaggeration of the probability density 
along the periphery of the cone in which the photons lie. 
The consequence of this is to overestimate slightly the 
probability that the photon leave the illuminated region 
of the cloud chamber, thus causing the likelihood of 
detection by materialization to be underestimated. In 
part 2, we base the materialization probability on that 
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Fic. 5. The differential probability W;(K7) plotted versus K;. 


* This calculation was performed by H. C. DeStaebler and has 
been adjusted to give agreement with R. R. Wilson’s Monte 
Carlo histories of photon-initiated electron cascades in lead 
Professor Wilson kindly lent us the original histories; see H. C 
DeStaebler, Jr., Massachusetts Institute of Technology thesis, 
1954 (unpublished). 
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for a photon of 100-Mev energy. The energy of the 
decay-photon from a x°-meson of momentum 200 Mev/c 
varies from 121 Mev to 221 Mev within the cone. Since 
the materialization probability increases with increasing 
energy we thus underestimate the over-all materializa- 
tion probability. 

We now define the quantity 5,, as the overall proba- 
bility to observe an electron cascade in the picture of 
the mth decay event, and the quantity 


Gn = 1—},,, 


representing the probability of not observing an electron 
cascade in the mth picture. The quantities b,, and ¢ of 
each of our 33 S-particle decays are tabulated in 
Table IT. 

The product 


(b:+91) (624+-92) - +» (6224+ 932) (633 4+-923) 


is equal to one, since each term (6,,.+¢,) is equal to one. 
If we express this product as a polynomial we may 
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Fic. 6. The probability of observing exactly m electron cascades 
in the experimental clata as a function of n. 


interpret the sum of all terms having dimensions 6"y* 
as the probability that we should find n examples of 
associated electron cascades among our 33 events. Thus 
by arranging the terms appropriately we may find the 
numerical value of P,;(m), which we define as the 
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Taste ITI. Numerical values of the quantity Py:(m), the 
probability of observing exactly m electron cascades in the sample 
of 33 S-events. 








Pu(s) 


” Pain) 4 ” Pu(n) 

1 644x10™ 12 43110 23 2.24X10°* 
2 201x10° 13 7.70X10* 24 «=S5ATX10™ 
3 3.7110" 14 «1.16K10" 25 +1.04K10" 
4 476X107 15 14510" 26 «=1.50X10 
5§ 440X10° 16 1.6310" 27.—s- 11.58 10"* 
6 3.09X10° 17 1.51X10" 28 =«41.10X10" 
7 1.70xX10~ 18 1.18K10" 29 «=+4.56XK10°° 
8 7.52X10™ 19 7.73X10* 30 =8.23X10"" 
9 2.72X10% 20 +4.26X10* 31 ~~ 
10 8.1510 21 1.94 10° 32 ~?0 
11 7.32X 10% 33 ~0 


2.05X 10 22 


| 
| 
| 








probability of detecting associated photons among 
our 33 S-particles. 

Table III gives the numerical values obtained for 
P43(n), and Fig. 6 shows these values plotted. By in- 
spection of Fig. 6 or Table ITI, it is apparent that we 
should have seen about 16 cascades among our 33 
S-decay events. Instead, we only found 9 cases of 
associated cascades, a number which deviates by 7 units 
from the expected value. The total probability of a 
deviation equal or larger than 7 is 


9 33 
> P33(n)+>, Py3(n)=3.3X 10". 
i 23 


Thus the hypothesis that each of our events has 
given rise to a r°-meson as the neutral decay product 
is ruled out. 


V. CONCLUSIONS 


We have presented conclusive evidence that electron 
cascades are related to the S-decays in the events in 
which they were observed (Sec. II). We have shown 
that the observed cascades may be due to the creation 
of a r’-meson as the neutral decay product (Sec. ITI). 
We have shown that our data are nof consistent with 
the assumption that a #°-meson is created in each decay 
(Sec. IV). 

The author wishes gratefully to acknowledge the dis- 
cussion, guidance, and other assistance generously given 
by members of the M.I.T. cosmic-ray group. 
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Nuclear Reactions of Copper with Various High-Energy Particles* 
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A study of the spallation of copper by 90-Mev neutrons, 90-Mev protons, 190-Mev protons, and 190-Mev 
deuterons has been made. Radiochemical methods have been employed to determine absolute cross sections 
for the production of a number of nuclides produced by the interaction of these high-energy particles with 


copper 


VER the past several years, the spallation of a 

number of elements by high-energy particles has 
been studied.~* However, in almost all cases, the 
energies of the particles used in producing the spal- 
lation reaction have been sufficiently high that the 
method whereby the struck nucleus is excited prior to 
spallation is not clear-cut. Charge exchange or other 
noncapture processes appear to account for the greater 
part of the excitation, whereas compound nucleus 
formation is relatively unimportant. A further compli- 
cating factor is the appreciable transparency of nuclei 
to high-energy incident particles. Hence, it was felt 
that a study should be made of relatively low-energy 
spallation, where the compound nucleus mechanism 
plays a more important role in the formation of the 
“spalling” nucleus. 

Unfortunately, the programmatic study of spallation 
reactions which was originally contemplated could not 
be carried out ; however, a limited research program on 
the spallation of natural copper (Cu® and Cu®™) has 
been completed. This paper reports on the results of 
several irradiations which were made on the Berkeley 
184-inch cyclotron with 90-Mev neutrons and 90-Mev 
protons, at which energy the compound nucleus 
mechanism may be considered more important in the 
formation of the “spalling” nucleus than is the case at 
higher energies. To facilitate comparisons between 
intermediate and high-energy spallation, several addi- 
tional irradiations of copper were carried out, using 
190-Mev protons and 190-Mev deuterons 

After each irradiation the target was dissolved, 
appropriate carriers were added, and one or more 
elements were separated by chemical procedures which 
were, in most cases, similar to those used by Batzel.’ 
In all charged-particle bombardments, the Na™ pro- 
duced in aluminum monitor foils was used to determine 
the absolute beam intensities. In all neutron runs a 
copper fraction was isolated, and the Cu™ was used as 


* This work was performed under the auspices of the U. S 
Atomic Energy Commission. 

t Present address: Department of Chemistry, University of 
California at Los Angeles, Los Angeles 24, ( “alifornih. 

‘PD. H. Templeton, Ann. Revs. Nuclear Sci. 2, 93 (1953) 

* J. W. Meadows, Phys. Rev. 91, 885 (1953) 

+R. W. Fink and E. O. Wiig, Phys. Rev. 94, 1357 (1954) 

‘R. E. Bell, Phys. Rev. 95, 651(A) (1954). 

* E. Belmont and J. M. Miller, Phys. Rev. 95, 1554 (1954). 

*R. W. Fink and E. O. Wiig, Phys. Rev. 96, 185 (1954). 
’ Batzel, Miller, and Seaborg, Phys. Rev. 84, 671 (1951) 


an internal monitor to ascertain relative beam intensi- 
ties. Subsequently, the cross section for the formation 
of Cu™ by 90-Mev neutrons was found by the use of 
carbon monitor foils, where the C"(n,2n)C" cross 
section is known. The cross sections used for all monitor 
reactions are given in Table I. 

Activities of beta-emitting nuclides were measured 
with thin-window halogen-filled GM counters, all of 
which were cross calibrated. In most cases, disinte- 
gration rates were estimated from the measured activi- 
ties by taking into account self-scattering and self- 
absorption, counter geometry, counting efficiency of 
the radiation, and the published data on branching 
decay.* Self-scattering and self-absorption corrections 
for most of the activities were estimated from curves 
previously determined for a number of isotopes having 
a wide range of maximum beta energies. 

However, in the cases of the nuclides Cu™ and Cu®, 
all counting corrections were determined by more accu- 
rate techniques. A solution containing high specific 
activities of these two isotopes was assayed by evapo- 
rating an aliquot of this solution onto a thin Zapon 
film and counting the sample in a 4x geometry propor- 
tional counter. The solution was then diluted with a 
solution of inactive copper, and the mixture was used 
to prepare a series of counting samples with varying 
weights. The counting data from these samples were 
subsequently used in the determination of relatively 
precise self-scattering and self-absorption corrections. 

The cross sections measured in this investigation are 
listed in Table II. The absolute values reported for Cu™ 
and Cu®™ are accurate to approximately +5 percent. 
The relative values reported for all other nuclides should 


TaB_e I. Cross sections (in mb) used for monitor reactions. 














Reaction 90 Mev 190 Mev Reference 
C®(n,2n)C" 22 a 
AP"(p,3pn)Na™ 9.2 9.2 b 
APrGa?) \Na™ 21.8 c 

*E.M McMillan and H = York, Phys. Rev. 73, 262 (1948); Birnbaum, 
Crandall, Millburn, and Pyle (to be published); Schecter, Crandall, 


Millburn, and Ise, Phys. Rev. 97, 184 (1955). 
> Stevenson, Hicks, and Folger, University of California Radiation 
Laboratory } mg UCRL-4371 (to be published). 
* Batzel, Crane, and O' Kelley, Phys. Ree. 91, 939 (1953). 


® Demy schemes used are those given in Hollander, Perlman, 
, 469 (1953). 


and Seaborg, Revs. Modern Phys. 
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NUCLEAR REACTIONS OF Cu 


Taste IT. Cross sections (in mb) for the formation of 
nuclides in the bombardment of copper. 




















90- 90- 90- 190- 190- 190- 340- 370- 
Mev Mev Mev Mev Mev Mev Mev Mev 
neu- pro- pro- pro- deu- deu- pro- neu- 
trons tons tons* tons  terons terons®.* tons® trons? 
Zn® oe 12 2 21° 14 1.1 
Zn® 7e 7 2¢ l4e 1.0 o8 
Cu® 98 39 55 24 40 37 23 58.6 
Cu® 135 98° 120 42° 83 69 45 37.1 
Cut 50 $6.5 65 30 46 ~w 23 15.4 
Cu® 5 6 8 10 7) 
Ni* 2 O.4* 1.2 0.88 
Ni? 0.3 0.8 1.3¢ 1.3* 26 18 0.54 
Co® 2 
Co™ 15 2 2e 7° 4 5 3.78 
Co* 0.5 0.65 14 2.6° 1.0 2.3 OA1S 
Fe# 0.16 0.30" 0.16° 0.30" 2.2 1.7 1.24 
Fe? 0.003 0.007 0.10 0.11 oO. 0.2 0.134 
Mn* 3 0.8 1.6 2.5 5 2.5 281 
Mn* 0.14 O.1e« 0.408 0.8« + 7 4.68 
Mn* 0.03 0.3° 0.6 1.3 1.6 0.76 
Cre 0.006 001° 0.7¢ 0.9¢ 0.5 09 0.35 
ve 0.1° 0.02¢ 2.6*° 2.9 1.6 0.7 











* Calculated from results given in reference 2. 

> Calculated from results given in reference 7. 

© Cross sections in this column were recalculated by the authors. 
¢ From reference 9. 

* Based on a single run. 

! Reported by W. H. Hutchin as 38 mb (see reference 7). 

« Cross section for Mn™* only 


be accurate to +25 percent; however, those cases in 
which only one determination was made have been 
noted. Some results obtained by Meadows,’ Batzel, 
Miller, and Seaborg’ and Marquez’ are also listed to 
provide a reasonably complete picture of copper spal- 
lation studies below 400 Mev. It should be noted that 
the cross section quoted by Miller for the formation of 
Cu® in the 190-Mev deuteron bombardment of copper 
was only a rough estimate. Since all spallation product 
yields reported by him were expressed relative to this 
isotope, the authors arbitrarily used the production 
cross section for Cu® determined in the present work to 
recalculate Miller’s results. Inasmuch as Meadows did 
not apply backscattering corrections to his data, the 
agreement between his cross sections and those reported 
in this paper is satisfactory. 

It can be seen that the cross sections of most of the 
proton-initiated spallation reactions are quite similar at 
190 Mev and 340 Mev. Apparently, the excitation of 


*L. Marquez, Phys. Rev. 88, 225 (1952). 
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the target nucleus is not greatly enhanced by increasing 
the energy of the incident protons above 190 Mev. 
However, reduction of the particle energy to 90 Mev 
produces the expected decrease in the production of 
the lighter spaliation products. This effect is shown by 
both neutrons and protons, thereby indicating that the 
nature of the impinging nucleon is of only secondary 
importance. It is to be noted that the cross section for 
the production of Cu® is appreciably higher in 90-Mev 
neutron spallation than it is in 90-Mev proton spal- 
lation. Although this effect may reflect a real difference 
in the (#,2n) and (p,pm) reaction cross sections on Cu®, 
it is possible that in the case of neutron spallation a 
small background of low-energy neutrons could produce 
an appreciable amount of Cu® by means of the Cu®(n,y) 
reaction. A comparison between the production of Cu™ 
in the spallation of copper with 340-Mev protons and 
370-Mev neutrons indicates that a somewhat similar 
situation exists in this energy region. 

In a comparison of the spallation produced by 190- 
Mev protons and 190-Mev deuterons, the smaller 
average energy per nucleon and hence the smaller 
transparency of the struck nucleus to deuterons should 
be manifested by an increased production of those 
nuclides which are formed predominantly in spallation 
induced by 90-Mev particles. This expected effect is 
markedly displayed by the data given in Table II. 

A more detailed analysis of the results reported in 
this paper does not appear to be warranted because of 
the incomplete nature of these results. A further 
complication in the interpretation of experimental data 
lies in the lack of uniqueness in the method of production 
of any given spallation product; i.e., in almost all cases 
the nuclide may have resulted from the interaction of 
a bombarding particle with either Cu® or Cu®. 
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A system of a scalar nonlocal (meson) field and a spinor local field is considered. Through the introduction 
of an invariant projection operator the interaction term is chosen with close consideration to the angular 
momentum properties of the nonlocal field. When the interaction is so chosen that the system is restricted 
to spin zero mesons, the system is shown to be equivalent to a system of local fields in nonlocal interaction. 


The convergence properties introduced by the nonlocal field are always due to form invariant functions even 


when higher spin mesons are allowed in the theory 


fields in nonlocal interaction means that all the quan 


1. INTRODUCTION 


T has been proposed by Yukawa! that one construct 

a nonlocal field equation by substituting an internal 

coordinate operator for the mass constant in ordinary 

field theory. This gives a “mass spectrum” and interna! 

coordinate functions which it is hoped would act as 

convergence factors. In particular, Yukawa proposed 

an “oscillator model” free-meson field operator of the 
following form (h=c=1), 

/dX,0X,, 1.1) 

1.2) 


Or,OT , 


This paper will consider the interaction of a scalar 
nonlocal field, whose free-field equation is 


Feo( Xr) =0 (1.3 


with an ordinary spinor field. With a little attention as 
to how spinor indices are summed in relation to the 
labels of the arguments of the fields, form functions, 
and S functions, one can convert all of the equations 
to the pseudoscalar case. Actually the summation over 
spinor indices is never explicitly considered so the 
choice of whether ¢ is scalar or pseudoscalar depends 
entirely upon the choice made for the form function 
appearing in the interaction Lagrangian. 

Tentatively, then, we wish to consider a system of 


the sort 


Ly+1 


Ly f: Xr)dXdr, Lz f ©. r)dx, 
_ few 0’) OX’) hla 
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H. Yukawa, Phys. Rev 


“7. 


"dx" X""dr'""dx"”" 


the requirements for the 


faculty of Pure Science 


91, 415 and 416 (1953 


The close relationship of this theory to that of local 


tization difficulties of the latter are present here also. 


The integrations are over all space time and dx 


= dx;dxedx yx», etc., as usual. 


1 0¢@ dd Po 0d 


2 
20X,90X, 4 i Or,0r, 


dg 0d Ob ry 
; 27,—o+r,? ) 4 
DY Or, Or, Or, 

1 dy . 
VW (x)— PMY (x). 


2 Ox, 


pn Oy (x) 


£1= —-¥(x)y,—+ 
2 Ox 


(1.5) 


“ 


Ly! = — gh (x’) f(x Xr OX" (2). (1.6) 

There is a prime on the £; in Eq. (1.6) since we will 
make a slightly different choice for £; later on. The 
form function f(x',X”y’’,x""") may be a 6 function if 
so desired. For example, Yukawa! used an interaction 
of the form (1.6), where 


=3(X"—4(x'+2"))""—(x/—2"")). (1.7) 


The introduction of the form function actually 
simplifies the analysis since it makes apparent the 
relation of this theory to the theory of local fields in 
nonlocal interaction and allows one to use techniques 
developed there.?* 

For convenience, introduce the eight-vector 


to~ (XN WN ygiay,), d=dXdr; 


then, if we take the variation 


where the variation of the fields, and also 6(d¢/0¢,), 
vanishes on the boundary as usual, we get the field 


*C. Bloch, Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 
27, No. 8 (1952 

* P. Kristensen and C. Moller, Kgl. Danske Videnskab. Selskab, 
Mat.-fys. Medd. 27, No. 7 (1952) 
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equations 


a dk, 0 OL; GL; 
- + 


8, Ody» Ky Oo, d¢ 


OL,’ (x’ t,x”) 
= - f- ————dx' dx!" 


d¢(¢) 
(1.8) 
0 dL, IAL» GL1' (x0 2" 
sha - + é. bi -f as — dt'dx!” 
dx, OY, dp dy (x) 


8 OL. IL: OL (x' tx) 
oie . at == -f dxdt’ 
Ox, WW, dw Oy (x) 


where ¢,= 0/0, ¥,= OW/dx,, etc., or more explicitly 


dL,’ 
ree)= f— dx'dx’”, 
06(f) 


0 dL,’ 
(.. < +o (x) -f ——dp'dx!", 
OX, Oy (x) 
0 " dL,’ 
(-»? +a Wa) f dx'de”’. 
OX, Ow (x) 


2. NONLOCAL FIELD OPERATOR 


(1.9) 


If we examine some of the properties of the operator 
F we will quickly see some difficulties. F'** is made up 
of four separable harmonic oscillator operators. Thus 
the eigensolutions of F'** can be written as the product 
of four simple harmonic oscillator solutions. Let 


v; 
har) = Vaultn( Jew —r?/2d*), ny=0, 1, «++, (2.1) 
aN 


where Hn,(r;/) are the Hermite polynomials and Nn, 
is a normalizing factor, then 


@ rr? 2n;+1 
(- + Jhnstr) hn;(r;). (2.2) 
dr? * ’ 
If 
r,(r)=J] Ans(r,), (2.3) 
then 
Five (rv) =«,T'.(r), (2.4) 


ke=V2(s+1)/A,  s=nyt+netns— Mo. (2.5) 


There is an infinite degeneracy for a given eigenvalue 
x, and it will turn out later, principally for reasons of 
angular momentum, that the eigensolutions in the form 
given by (2.3) are not the most advantageous to use. 
Thus let us separate F'™* in spherical coordinates in 3 
space so that the spherical harmonics enter in. Define 


p=nitnetns; (2.6) 
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also 
Xn(7) = Rypi(p) Yim (Oy)hno(ro), (2.7) 
where p is the magnitude of r and 
F?(6.0) Yim (Oe) =1(1+1) Yim (Oe), (2.8) 
1 @ ti] i ¢ 
Fee) =—| : (sine )+—. . (2.9) 
sind 06 00 sin’? d¢* 
Then 
Finty,. (7) =Ksxa(r) (2.10) 
leads to 
1 @ rf) Ii+1) p? 2p+3)| 
(» )- ee teat Gan) 
p? dp op 2 4 2 j 


The solutions R,:(p) are orthonormal functions of 
the form 


Ryil(p) = N pill p:(0/d) exp(—p?/2d*), (2.12) 


where ,; is a normalizing factor and H,i(n) is a 
polynomial in » of degree p. For the case /= p, H,,(n) 
is particularly simple, being just yn”. The relation 

x 


f Ryi(p) Ry ilp)p*dp= 5,’ 


0 


(2.13) 


gives us for this special case: 
Qe 


H p\? 
Ryale)=( : )() exp(—p?/2A?). 
1-3-5+--(2p+1)\*x! PY 


For a given p, / has the range 


0 p even 
[= pP-2, 94, «| , (2.14) 
1 p odd 


This is all we will say about the function R,;(p), since 
all that will be used in this paper are the relations 
(2.13) and (2.14). 

The eigenfunctions of F can now be written 


(2.15) 
(2.16) 


Pen(f)=e**y,(7), 
F gin(S) = (P+«,?) Genl). 
The free field solutions of F are obtained by requiring 
k*+«,=0, which gives the interpretation of |x, 
mass. 
Consider the Green’s functions of the F operator 


as a 


FGa r= —-6E—-¢), (2.17) 
Ga rE) =S 0 Ba, (XH X yale )xn* lr’). (2.18) 
Aa. n*(X—X") is the usual advanced or retarded 
function with mass constant «,’, i.e., 
1 er x") 
Ba nt (X-X)=- f dk, (2.19) 
(2x)'J  h?+«,? 
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where the contour is to be taken below or above the 
singularities in the ko plane to produce the advanced or 
retarded functions respectively. In general a G function 
can be defined for every type of A function, for example 
(and for later use) 


G(tt')= : A'(X— X \xnlr)xn*(r’), 


; 
fee rere dene dk, (2.21) 


(2x)* 


(2.20) 


where 


A(X —X") 


c(h) = ky k (2.22) 


We can now write the integral equation for ¢(f). 
Using the convention of letting 


Em (0 00"), «dé =dx'dt''dx’”, 


’ 


OL,’ §) 
o(f)=o" + [oe re) dé, (2.23) 
06(t"") 


‘incoming field’”’ and satisfies the 


we get 


where ¢'*(¢) is the 
free field equation. As a first approximation substitute 


the incoming fields in the integral, 


OF) = O°) +O" OY) 4 


, 


OL, £) 
ePG)= L x n) fae’ X—X’)x,*(r’’) dé 
pims 00(¢’") 


a multifold infinite number of integrals even in this 
first approximation Nor is there any reason to expect 
the terms in this series to decrease in magnitude since 
the degree of the polynomials in p and ro increases with 
p and np respectively. 

If we are to do anything at all it seems some of these 
mass states must be eliminated 


3. PROJECTION OPERATOR 


Let us introduce a relativistic invariant projection 
operator into the theory, into the interaction Lagrangian 
first of all 


L,=- ed (x) (EP; o(t”’) Wi aah (3.1 


where for example P; can be defined as 


Sen fC) s a,b,c, ++: 
P repent) , 
| 0 s¥a,b,c,- 

since s is an invariant label under a Lorentz transfor 
mation. That is, a eigenfunction belonging to x, trans- 
forms into an eigenfunction belonging to «, since F'"* is 
invariant under the Lorentz group. Thus the separation 
of an arbitrary function into two parts by P, 


g(5)= Pgo)+(1—P)g) 


is an invariant separation. There is no mixing of the 
two parts under a Lorentz transformation, ie., P is a 
relativistic invariant operator. 
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SCHULZ 


Projection operators are Hermitian operators; thus 
we have the property 


fe@rtrecrye= f Crane, (3.3) 


where g:({) and g»({) are arbitrary functions and P* 
operates on the complex conjugate base function set, 
in our example 


Gin" (C) s=a,b,c,--- 


‘ (3.4) 
0 sx¥a,b,c,+-- 


P* gien* (f)= 


We wish P¢(f£) to be real, this means we must require 


P*= P. (3.5) 
This is true for our example since taking the complex 
conjugate of g:,(¢) does not affect the s label in any 
way; i.e., the subset of functions ¢;,,(¢) labeled by a s 
contains the complex conjugate functions ¢:,*(¢) also. 

P¢(¢) is considered then as the physical field which 
we let interact with the spinor field. (1— P)@(¢) repre- 
sents a nonphysical part of the field which we wish to 
eliminate from the theory. 

In order to derive the desired field equations, the 
general variational principle must be modified so that 
only variations which commute with the projection 
operator are allowed. Then with the aid of properties 
(3.3) and (3.5), 6L; becomes 


6Ly . fi ae “f fixe" x’ Pelt”) ] 


KW de"'dx”’ | by ( x)dx 


x CL Po(¢’’) \dx'dt”’ iv (x)dx 


_ 
a 


= 
+ fj —ePr f Vie fle") 


x(x!" \dx'dx!” soca, 


which gives the equations of motion, 


Fe t) ict ePr [Ue sea" x!" \dx'dx’", 


+M wos 
0 a 


=__— gf Mar"e"NLPO ey Weare”, (3.6) 
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0 
(-17- +a Ha) 
Ox 


. 
= <a f Vie fla's" LPO") seas” 
The integral equation for ¢(¢) is then 
605) = Pore) +e f Ge (EE P re 
x [Vie Ove”, (3.7) 


where P;gi"‘°"")(¢) has been chosen as the incoming 
(outgoing) ¢(f) field since P@(f) is considered as the 
physical field and there is no sense putting nonphysical 
fields into the theory if you do not have to. The integral 
equation for ¢(¢) becomes by using (3.3) and (3.5) 
again 


o(f) = Prpirort w+s {LPs Ge ‘ (e’)] 


Kv (x") f(Ey (x )dé. (3.8) 
From the form of Gzr«) (ft), we see immediately 

that 
Pr Gri 4 er") = PGr oor”), (3.9) 


and thus 


o( o) = 2 (¢) 


+8 [Ge ‘ aH e fOwe"Md, (3.10) 


o(f) = Pols). 


Consequently, the nonphysical fields have been entirely 
eliminated from the theory. The integral equations 
are now 


Po(f)= P. in(out (t)+ 5 f CPG. 
x V(x’) f(EW (2d, 
y¥(x)=y'* out (n)+ef Se ; (x—x’) f(£) 


4 (¢0') ] 


«LP elt’) W(x" )dé, 
P(x) = Pinout (a)+e fH) f(£) 


KT PO(E”) 1S ace) (x — x) dé. 


The definition of P that was given in (3.2) is not 
sufficient to allow much progress to be made toward 
solving the above equations. Due to the infinite de- 
generacy of the ¢:,(¢) for a given s, PGs) (¢¢") will 
still contain an infinite sum over mass states. 
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What other invariant labels are available? An exami- 
nation of Eq. (2.16) shows that # is an invariant label. 
This &* invariant will be of use later on but it is no 
help with the present problem where we are concerned 
with the mass states. 

Actually, P has to be defined with respect to a 
different function set. Up to now our internal and 
external states have been entirely unconnected. Physi- 
cally it is reasonable, in fact desirable, to require that 
the internal state depend on the external state. If mass 
states containing Yim(@¢g) functions are going to be 
associated with particles of spin /, it is in the rest frame 
that the particle should be in an eigenstate of angular 
momentum operators. This rest frame exists only for k 
timelike since if the particle is at rest in this frame the 
first 3 components of & must vanish. The Lorentz 
transformation accomplishing this is given by 


f ky : kik 

6) 

K, | #, 
kik» 
Ki 


k, \? kok; 
1+ ( ) 
K a K e 
kiks 
Ki? 


kok, ki \?* 
+(x) 
Ko 
—kyk, 


K2 
Ks K, Ky 


kiks 
K,? 


kik 


— kok, 


K2= (—&)*L(—k*)!+- | ko! J, Ke= | Ro! (— Fk). 


Note that 


‘ 


a, =a, (3.13) 


ka(—k)! 
ki =a:;,h,, #~(0,0,0, ) (3.14) 


Direct verification is the easiest way to show that this 
a;;“*) matrix has the desired properties. If we restrict 
ourselves to pure velocity transformations, then this is 
a unique transformation. 
Thus a function set can be defined as follows. 
Rk? <0, 


¢n(k,t) = exp(ik’X°)x, (9°), (3.15) 


where 


kf=a;;"k;, XPeayj"X;, rP=a;;"'7;, (3.16) 


since a;;“ is a Lorentz transformation, we still have 
F oho) = (P+KZ) gnlkO); (3.17) 
also 
Finty,. (ky) = «xn(k,r), (3.18) 
where 
onl ht) =e**y,(k,r); 


xn(hr)=xa(r"). (3.19) 
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Thus for this new function set, &* and s are still good 
invariant labels. 

Consider now a pair of invariant “coupling oper- 


ators.” 


a \? 1 a\? 
sil 7 ( ) ' (". ) 
ax,ar,) r\ aX, 
wv " 
a X/ 
a 9? 
: (°. 4 rf 
ax Ps ox or, 
at ra} 


ary, 2r 


OX OX 40r20r, 


3.20) 


; 
» 3.21 
a X,@ X , or » 


F,°°"® was originally introduced by Yukawa into the 
free nonlocal field equation in an attempt to eliminate 
the infinite degeneracy (1). This approach led to diff- 
culties when the interaction with other fields was 
considered. Here we will just use these coupling oper 


ators to establish invariant labels 


Ye 2 1 ra] } 
Gig tea 
a XY p or Ps X ‘ a X s 


Xexp(tk°X")x,(r®) 
(—3 79) 
k,®)"! ; exp(tk°X")y,.(r®) 

| Or: ” \ 

1 
~ (ko)? 
12 


2no+1) 


This shows mp is an invariant label and since p is equal 
to s+, p is also an invariant label. 


rf 


Similarly for F; 


T Py Pe , r 
Op, Op, 


Upon rearranging the parenthesis, one finds it is equal to 


a 
yp #¢") 
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thus 


<0, Fy, (k,t)=—FUI+1)¢n(k,t), (3.23) 


which shows / is an invariant label also. 

The application of the coupling operators can be 
considered as “auxiliary conditions” on the free field 
solutions. The requirement that the free field solutions 
be eigenfunctions of F,%"” and of F,°° with specified 
values of mo and / tells you what linear combinations of 
the degenerate solutions of F@=0 are to be considered 
as representing physical states. The presence of the 
projection operator in the interaction then insures that 
the interaction is self-consistent with the auxiliary 
conditions. 

At any rate, for k®<0 the ¢,(k,t) provide the extra 
invariant mass state labels that are needed if the 
infinite sum over mass states in the Green’s function is 
to be reduced to a finite sum. Thus, for example, if we 
specify mp=0, p=2, 1=2 for k®<0 and set the rest of 
the function set equal to zero, this leaves us m= —2, 
—1, 0,1, 2, just five mass states which, as will be shown 
later, describe a particle of spin 2. 


P20. 


For #®>0 a Lorentz transformation can be found 
such that 


k=, R;, k= ((R*)1,0,0,0), 


and if one defines [going back to the functions defined 
in (2.3) ], 


k>0,1 (kr) =T (9°) =] Ani(by;r,), 


then the functions 


exp(tkX )T’,(k,r) 


are eigenfunctions of both F and F,°°"” with invariants 
s and n,. However, the addition of m; to the invariant 
labels does not help since s—m,=n2+n3— mo and there 
still are an infinite set of m2, m3, and my values for given 
s, m; values. The k®=0 case is more complicated than 
this and just as unsatisfactory. 

What we really need to make invariant is mp. If the 
k°<() case is examined, it is seen that Ano(ro°) has a 
form invariant argument, 

—kok, J, 


ht (fo) = no ) <0 
ky (—*)! 


and that this is apparently the reason (it is a sufficient 
condition anyway) that mo be an invariant. It can 
easily be shown that one cannot construct a Lorentz 
transformation such that r,° is a form invariant function 
of k and r when #20. Only by considering eigen- 
functions of F'** which diverge at infinity were we able 
to produce a relativistic invariant label equivalent to 
no. These solutions, of course, are of no use. 
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Final Definition of the Function Set 


Thus it seems the best that can be done is to define 
the projection operator with respect to the following 
base function set. 


(ko) =exp (ik? X°)x (7°), (3.24) 
where 
kf=a;;"k;, XP=a,; 


a;;“ ; for 


HX ;, ré=a;;'s;, 
20, 


and a;;“ as given in (3.12) for k®<0. This gives the 
invariant labels 


Rp, l,m, s for BP<0 
for #20. 


0] | 
or 


vna(kt)) 


(3.25) 
Then 


(3.26) 


depending on the values of the invariants listed in 
(3.25). 
Observe that according to (3.13) 


x.(—k, r)= xn(k, 1). (3.27) 


Actually what has been shown with the establishment 
of p, 1, mo as invariants for k® <0 is that under an arbi- 
trary Lorentz transformation 


r 7 , ; 
Xp =BpeXy, Ty =Ogt's, 


+l 
Crm (k= > far a 


where the Crm?!" (kk) are infinite-dimensional 
unitary representations of the Lorentz group. 
It is easily shown that 


Cori m(P' (R" kh’) =5(k" — kd, 


»(k” k’) 


X Ppinem’(R£), (3.28) 


(3,29) 
where 
(3.30) 


and 
Bag??? (R,R’) = fro m’*(RAY)X pinem’ (Rx) dr; (3.31) 


thus 
+1 
X pinem’ (k’ #’) = >> yee — (R,R’)x pinem( hr). 


Rk? <0 m=—| 


(3.32) 


For the case /=m=0 and k* <0, the function x,(k’,r’) 
transforms into the function y,(%,r) under a Lorentz 
transformation. Thus these particular y,(k,r) must be 
form invariant functions of the four vectors & and r. 


4. GREENS FUNCTIONS 


In order to apply the redefined P operator to the 
various G functions, these functions must be expressed 
in terms of the new function set ¢,(,f). 
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Introduce the principal value function 4*(X), 


—] etx 
= vf — dk; 
(2r)* + +x? 


Ar*(X)=A(X)—4a*(X), 
A4*(X)=A(X¥)+4a'(X), 


AY(X) 


then 


so that we can write 
Gell £O=E40,0)—IG (EL), 
; Shee * ila (4.3) 
Ga lF&O=GELO+IG SL. 
Let 
Arr) => 


— 


Xeg( Xe" (1), (4.4) 


g representing the indices remaining in nm after s is 
specified, 


i 
2 owes Ks )e(k) 
+ (2x)? 


Kel A-DOA (rr dk, (4.5) 


and similarly for all the other G functions, 
Consider how A,(r,r’) transforms under a Lorentz 
transformation, 


(r*)= >" 


TX=AiF ji, Xaeq =) gt Cot gXeq'(f), (4.6) 


since s is an invariant for the x,(r) functions, Cy, is a 
unitary matrix, therefore 

mr 2 ta ore . * * 
Le Xealt xe (Y= De Ca Cag Xee ()Xeg"* (7) 
q qe’ q"’ 


(4.7) 


=P X00’ (0) X0q"*(r’), 


; 


A, (v*,r'*) =A, (r,9’). 


Thus A,(r,r’) is form invariant and can be written as 


Ar =A PP") =F 0 Xeg(RT)X0g* (hr). (4.8) 


The individual terms in the sum depend on & but not 
the total sum over g. 


i 
GE..)=< focernredes x-x" 
(29r)* 


KOS oxeal hr) x0q" (hyr’) dk. 


Take the sum over q outside, 


Gre’) rt 


(2x)* n 

Keonlk Ken (kt dk (4.9) 
and G(¢,t’) is expressed in terms of the desired base 
function set. Similarly, 


—1 . ealk.t)on° (hit) 
v ar. 
(2e)* » +x? 


Cr e)= (4.10) 


Since G contains #>0, in order to reduce PG, g to 
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a finite sum we must require that 


Po, (kt)=0 for P20. 


This is a little strange but there does not seem to be 
any way of getting around this requirement. One of 
the consequences of this is that it is possible to have 
virtual mesons in zero mass states but not real ones. 
That is, x, is equal to zero for s equal to —1, thus 
P¢'*(t) cannot contain s=—1 states since k and s are 
related by #+«,7?=0 and thus #=0 for s=—1 in 
P¢'*(¢). However, G4 e(f,t’) has states with <0 and 
s=—1 [in G(¢,t’)], so s=—1 can appear here. Of 
course, we can just require P¢,(k,{)=0 for s= —1 and 
forget about this oddity. 


5. CONSERVATION EQUATIONS 


Energy-momentum, charge, and angular momentum 
tensors which are constants of collision can be found 
by the usual method of considering the properties of 
the Lagrangian under different variations. Constants 
of the motion can also be found exactly as in the theory 
of local fields in nonlocal interaction. Angular mo- 
mentum is the case of most interest, so the calculation 
of this as a constant of collision will be gone through 
in some detail. 

Consider a variation 


rxt+éx, («4+ 5, (5.1) 


where the 6x and 6f correspond to that produced by an 
infinitesimal Lorentz transformation, then 


bx, =€,%,, 8, = Est, (5.2) 
where 
as” 
(5) 
ia (5.3) 
é-=—¢,,, E,.=—E,,. 
Define 
da, (x)~ (dxedxgdxo, +--+, dxydxedx;/1) 
and 


da, ({)~(drda,(X), dXda,(r)); 


then under this variation, 


6L few ett f don(x) L.d6x, 


+ f da, (t”") £,8t,,"dx'dx’” 


+ f dog(a’)rbs'ap"as"” 


+ f dag”) 21i0,""ax' dp” (5.4) 


*W. Pauli, Nuovo cimento 10, 635 (1953); J. Rzewuski, Nuovo 
cimento 10, 784 (1953). 
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as is intuitively quite reasonable and can be shown 
directly without much trouble.’ Actually the surface 
integrals containing £, all vanish by the usual argu- 
ment of turning the interaction on and off adiabatically. 
Furthermore, it must be assumed that ¢(¢) vanishes as 
r, including ro, goes to infinity and thus all surface 
integrals over r space also vanish and we are left with 


i= f da(xpdreax.+ f do,(x) e202, (5.5) 


However, for reasons of symmetry we will keep all 
the terms appearing in (5.4) in the following manipu- 
lations. Convert all surface integrals to volume integrals 


by using 
dg (x) 
feostretayin,= f axis, —, 
Ox, 


6L; becomes then 


6L);= —5 f Vole, LPOG” Wla"” 
<8 f He OLPOG Wale" s,""a 


a 
—e f Heng i Pole’) Wie" )dé, (5.6) 
Ps. 
since 
0 a a 
(es FE pek y+ Eh" — )1@=0. 
dx,’ az,” I," 


Here is where the symmetry of this development is 
most useful, for since 


E=1+E,,t,0/d, 


is the generating operator of an infinitesimal Lorentz 
transformation, then it is seen E must commute with 
P directly from the definition of P. Thus it follows 
immediately that 


[8 ,4/dt,, Ps ]=0, 
and thus 


6L;= = 8 f Yo(a)in,' OLPOO"We" ae 
~_ ef Hens EL PO(t”) W, (xox, '"dé 


a f dy"6,(5")8," 


x | Pro f Hee slew(e" aver” > CF 


* E. Hill, Revs. Modern Phys. 23, 253 (1951). 

















INTERACTION OF 
Consider now 61: 
| O° L OL; 
6L\= fa + oof 

oe, dd 

OL; AL, ? 
+ Or pt Peet Orr | 9 (5.8) 

do, Og)» 


where 0°£,/d¢, is the derivative of £; with respect to 
its explicit dependence on ¢. 


Writing 
AL, 0 0k; 
aa —or y= - ( \ at.) 
0¢, ot, \ dd, 
0/08, OL, 
-~ ( oa. opE ps, 
df, \d¢d, dg, 
OL; afaL, A 0 /0L; 
— $n bts=- | —Wid~= ( ie Jour, | 
Od, OF LOD, OF» Of, \ Ob» 
oe OL, OL; 
+ ( 7 oar. 2 bE ya 
Of, 0, Ody Ody» 
this gives 
OL, 0 AL; o OL, 
6L, = fa - T + a 
Od Of, Ob, OF ,0F, 09) ' 








O*k, OL; dL; 
+ far| ; a ¢,Ey»—2 eo bE n| 
Oy dg, Ab,» 


+ f do.) 


dL, 0 
O00 y+ ay Se’ 
Oy Of» 


a sdk 
OH) Ob» 


Note that the last two terms containing 0£,/0¢,, in 
the surface integral will both vanish since they will 
appear only in surface integrals over r space. 

Consider now the invariance of £, under an infini- 
tesimal Lorentz transformation at a fixed space-time 
point of the field 


OL; 


0g, 


(4% 4) 





AL,=0, Ad=0, 
O° L; OL, OL; 
AL\= _ C+ Ad,+ Ad», 
x, 09; wh 
O¢(f) dl(t) é t] é 
Ag,=——-——, =—— Eyy—; 
or,’ ax, x,’ oH, x, 


thus 
Ag, = ~ EAs; 
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similarly, 
Ady o—- E,yAur aa Eur, 
. dL; . 
EA 7. Edu = 0. 
OO, 


o*L; 
4Li= hae 
ey 


OL; 
09, 


Thus the second integral over df vanishes also leaving 
only 


6L\= fac a Fo}o, 


+ f ard. X) 


Repeating the process that leads to Eq. (5.9), one 
obtains for 


ila= fax . 
Oy? aX, dy,’ 


OL» OL» 
- fax— Yateat fdo(X) y,%6X,. (5.11) 
OW,” be o 


oy, 


OL) 





ott}. (5.10) 
39, 


OL» 0 AL» 


¥,"OX, 








Then the invariance of £, and &; under a Lorentz 
transformation at a fixed space-time point of the fields 
¥’(X) gives 

AL2=AL;=0, 


faceax+ [acide=o, 


which leads, using the field equations, to 


OL» 0 OL, 
fax —Wy" Eur = fox ( wv’), 
Oy,” aX, oy,? 


substitution of which into (5.11) produces, 


6L.= fax 


OL OL» 
+ fae} ¥,"6X,— av} (5.12) 
ny,” oy,” 


0 


Ay’ #0; 


so, we have 


OL: 0 A@Ls 
-—— —"}y x, 
OY” OX, dy,’ 





Now combine 61, 62, and 61, as given by (5.10), 
(5.12), and (5.7) and use the field equations again, then 


OL) 
a= f drdo.(%0 ; oat.| 
a0, 


OL» OL, 
+ fde.00|—y,0x,- —sy}. (5.13) 
oy,” ny,” 


€ 


Subtract this expression for 61 from the expression 
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given for 6L in (5.5) 


OL 
fe-.col f[- At + 2X, |dr 
dg, 


OL, OL 
- 0X + LHX ,+- al =(), (5.14) 
Oy,” ow,” 


Express as a coefficient of ¢,, using the definitions, 


| 
Ay’ = Sur? Wer, (5.15) 
) 
OL, Og 
bry? f - +41 
0(06/AX,) AX, 
OL» 
¥,°+46,,L£2 5.16) 
oy,” 
Then 


1 OL. 
4:20 foes + Sn? Wena 
) cy, 


OL; db ) 
-f €yaPr } 0, (5.17) 
dd, Or, 


which yields the conservation equation 


| 1 AL» 
da(X)} (t,,.X.—taX,)4 Sert?—Sr,"? 
{ 2 Wy,’ 


OL, a a } 
-f (» —T, ) er = (), 5.18) 
0(06/dX,) Or, Or) 


By repeating the previous argument for the much 


simpler case of a variation where 
éx,=¢,, 5X,=e€,, 67,=0, 


i.e., a displacement of the external coordinates only, 
then the following energy-momentum conservation 
equation is obtained 


fa. X)t,,=0, 5.19) 


where, however, it must be required that /(£) is 
invariant under this variation, i.e., 


a a a 
+ + )ne 0 5.20) 
— &,  &” 


Thus there is no trouble in interpreting Eq. (5.18). 
The first term represents the external angular mo- 
mentum, the second gives the spin from the spinor 
particles, and the third gives the contribution from 


the internal state of the scalar particles. This last will 
be investigated more later on. 
Charge conservation, 


fox rb =0, (5.21) 


follows directly from the invariance of the Lagrangian 
under 
yey, por. 

The previous conservation equations have all given 
constants of collision. One can take the constants of 
collision and add an interaction term to them so as to 
produce constants of the motion as shown in (4). Thus, 
for the simplest case, if we define 


O=(°+0%", 


(P= -i f rae; 


then the requirements 


where 


dQ 
=), Qint(+<)=0 
dX 
lead to 


Qint( Xo) bf Ce(X—2) (x2) Jer(d8, 


x 


where ¢(x) is + or —1 as x» >0 or <0. However, the 
previously calculated constants of collision are all that 
are needed in this discussion. 


6. QUANTIZATION 


As in nonlocal interaction of local field theory, the 
system can be quantized by defining the commutation 
relations of the incoming free fields. Thus, for the 
spinor fields one has the usual relations, 


{yi* (x) wi"(x’))} = (Pi"(x),P'"(x’)} =(), 
(vin(x’””) Pi" (x) = —iS(x’"—2’), (6.1) 
[yin (x),6'*(¢) J= CPin(x),o'*(¢ )}=0. 


The obvious choice for the commutation relation of the 
nonlocal field is 


[oin(s),oi(¢') = i660"), (6.2) 


and indeed this is what will be used. This commutation 
relation corresponds to a ¢'"(¢) of the form, 


1 d*k 
o'"(C)= > f { QunGn( ht) 
2x)! n! (2ko*)! 


+dun*¢n* (kf) ], (6.3) 


[ Gunn ”. }=5(k—k’)é,... . 
: (6.4) 


[aunOu'n’ ]=(Gun*,Crn’® ]=0, 


k'~(kiko"), ko’ = (k’+«,7)! (6.5) 
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exactly what one expects from analogy with local field 
theory. 
If the definition 


agi" (¢) 
r'"(C)= (6.6) 
OX» 
is made, then 
; dA(X—X") 
Coin (¢),wi8 (¢’) A,(r,7’) 
Xo =X . OX, |Xg=Xo’ 
= i6(X— X’)é(r—r’) (6.7) 
since 


aa(X—X’) 
—_—— = —§(X— X’). 
dXo 


Xo =X’ 


This points up the fact that for the free nonlocal field 
there is no trouble in setting up a classical Hamiltonian 
field formulation where Xp» is treated as the nonsym- 
metric time variable and r is treated on a par with X, 
as is indicated in relation (6.7). The quantum-mechan- 
ical Schrédinger representation can then be constructed 
by assuming the usual commutation relations and the 
Schrédinger equation. 

Consider now the nonlocal energy-momentum four 
vector for the free field. 


-i fruax, 


A symmetrized expression must be taken for (’,,. 


P,= 


(6.8) 


ad re 0d do 


ws f|= ax, Tox, 0X, 


Od Od 
—by (- +o(F'"") v4 ) lar. (6.9) 
aX, OX), 


The substitution of the incoming field as given in (6.3) 
into the expression for P, leads to the expected result 
that 


1 
P,'*= E fab (ox.%00+ 0400s"). (6.10) 
2 » 


In the process of attaining this expression, use was 
made of the fact that 


fx 1)Xn’ (k’,r)dr=0= fx 
ss’ 


That is, & and k’ merely specify Lorentz transforma- 
tions. Thus if x,’(k’r) is expressed in terms of the 
functions x,’(k,v), then s’’=s’ since s is an invariant 
label for all & and the integrals in (6.11) are zero from 
orthogonality. 

Define 


*(k F)Xnr( k’ r)dr. (6.11) 


ss’ 


(6.12) 


Lyyp=70/ Or, —7,0/ Ory. 
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From Eq. (5.18) a symmetrized internal angular mo- 
mentum operator can be written as follows, 


1 Og 
a 
2 AX, 


which becomes, upon substitution of ¢'", 


E fofer (kyr) Lauxn’(Ryr)dr 


x (Gin "dunt tOnn'Gun®). 


Cares) | , 
Lyo+[ Lie } = [eXar, (6.13) 
OXo 


f,,'*= 


(6.14) 


The reduction of /,,'" to this form requires the use of 


fran LX (k’ ,r)dr=0 
s#s’ 


= fxr dagen ® dr (6.15) 
ss’ 


This follows from the fact that (1+ )0,<, e,la,) acting 
on xn’(k',r) generates an infinitesimal Lorentz transfor- 
mation under which s’ is an invariant label. Thus 
Lyuxn’(k'r) must be expressible as a linear combination 
of base functions which are labeled by s’. Then using 
(6.11) we get (6.15). 

Particle states can thus be defined in the usual manner 
by letting creation operators dy,* operate on the free 
field vacuum. These states are eigenstates of P,'" and 
describe a partical in a spin state /, m. For example, if 
the vacuum fluctuation angular momentum is dropped, 


I ing. . «in *'0)= ND nd) ay 0), (6.16) 
since 


Loy= —0/d¢. 


The substitution of P(t) for @(¢) produces the 
commutation relation 


(P(t), Pr o(t’) = —iP,G(e’) (6.17) 


and will just cause the summations over m and n’ in the 
expressions for P,'® and /,,'" to be restricted to the 
“physical states,”’ i.e., those not set to zero by P. 

While discussing operator properties it might be 
worthwhile to mention that although 


Pr (x’ tx’) ie Sal" -£",x’) (6.18 ) 


is a sufficient condition to insure that L; is a Hermitian 
operator, it is not always necessary. The functions 
¢n(k,t) have a parity (—)!'*" under the reflection r to 
—r. Thus one could require 


P(X, —r)=Po(X,r) or P(X, —1)=—Po(X,r), 
depending on the choice of P. For these cases, the 
condition on {(£) becomes 

f* (x! "x ptr 7" x”. ty” x 
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f°@, "a z/"\= f- f(x", x”. tee”. x’ 


respectively. 


7. INTERACTING SYSTEM IN TERMS OF 
EQUIVALENT LOCAL FIELDS 


Let 


$0)=E f 6.18 os(katdh, 
and since @(f¢) is Hermitian, 
o(t)= Ef 6."(b)0.2(bpd, 


“Equivalent local fields” can be defined by 


$.(2) fe. bei*dk. 


Gee’) E fa Weatkrrent(keyae, 


one readily finds 


r 


[n'® (x) Oni? *(x’) |= — 18, A (x—2’). 
For the Greens functions, we have similarly 


» 


Ga, wF0)=Ga, FES) 


E fa. n* (Ron (Ro) onl ht’ dk. (7.6) 


Substitute (7.1), (7.2), 
equations (3.11 
operator by simply considering that the quantities 
@.(k) and ¢,(k~) vanish for those values of m and k 
that the P operator sets to zero. 


and (7.6) into the integral 
). One can take account of the projection 


n° (b= Gi" *(k) + gd nc (8) f onl") 
5 (k— k(x’) f( E(x" )dk’"de, 
v(x) = pire” (x) +2 E fs 4) (x— x’) f(£) 
Konlkon( he 8(R— R(x" \dkdk'dé, 
P(x) = Pirou® (x) +¢ E [He (Oo. 


)b(k— RS aca) (x 


ee is’’s"* 
fe dx”, 
(2x)* 


"— x\dkdk"'dé. 
Let 


(7.8) 
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and define 


ik’’s’" 


€ 
fale’ se"a1"")= f (eal) —dk"' de” ; 
(2x)* 


so then 


(7.9) 


,.*(x) =¢, im(out *(a)ts f Aecw" (x—x”’ P(x’) 


« Yu (a0) at a Wy (x! \dx'dx"dx'", 


V(x) =pinloud (x) 4g E f Sx(e-2) 
ad (7.10) 


XK fala ae a bn (x W(x" \dx'dx"dx!", 


Y(x)= pir out (x)+g Ef He) face") 


Kbnlx’)Sacey (a! —x)dx'dx"dx"”, 
Choose P such that 


P¢,(k,f)=0 for 140 and £20, 


i.e., consider only spin zero mesons. It was shown at 
the end of Sec. 3 that x,.(&,r) is a form invariant function 
of k and r for this case. It follows from this that 
fn(x’,x”,x’") is a form invariant function of x’, x” and 
x” and also that @,(x) transforms like a scalar field. 
We also have ¢,*(x)=¢@,(x) for /=0. In short, Eqs. 
(7.10) and (7.5) become identical with those for a 
collection of scalar local fields, each with its own mass 
value |«,| and form function {,(x’,x”’,x’”’), in nonlocal 
interaction with a spinor local field. 

Thus it is evident that on the question of convergence 
this theory will go as far as, and no further than, the 
theory of local fields in nonlocal interaction. It is true 
that for higher spin states the /,(x’,x”’,x’”) are no longer 
form invariant, however the exponential part of x,(&,v), 


x a(R,r) = N pil» (p° A) Yim (Oe) N nol no(re°/d) 
Rr<0 


1 2(kr)? 
xen - 4+ 


is a form invariant function of & and r. Since this is 
where any convergence factors must come from it is seen 
that the noninvariance properties of the /,(x’,x”’,«’’’) 
are not of such a form as to aid in the problem of 
convergence. 


8. CONCLUSION 


Having defined the commutation relations of the 
incoming fields, the commutation relations of the 
outgoing fields are determined by the field equations. 
Following Hayashi, the outgoing fields can be split up 


* C. Hayashi, Progr. Theoret. Phys. Japan 10, 533 (1953); and 
Progr. Theoret. Phys. Japan 11, 226 (1954). 
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into two parts, 


Po°“= Poa°"+ Pop", out y utp yout 


such that the fields y,°"* and P¢4°"* satisfy the same 
commutation relations as the incoming fields. Then a 
unitary matrix, M, can be defined as 


M-Y*®M=y4, M-'P¢"*M= Po," 


One would like to say that this M matrix corresponds 
to the Heisenberg S matrix. However, the relation of 
this M matrix to the classical conservation equations 
is not very clear, especially since the fields Po@,°"* and 
¥z°"* do not vanish in general. The situation would be 
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improved if they did vanish in genera]. Hayashi® in his 
latest investigations of local fields in nonlocal inter- 
action seems to be proceeding in this direction, that is, 
making the out fields obey the same commutation 
relations as the in fields by modifying the equations 
of motion. In general, if the quantization difficulties 
are cleared up for local fields in nonlocal interaction, 
one can expect that those of the present theory will 
also be cleared up. 

I wish to acknowledge my indebtedness to Professor 
H. Yukawa with respect to the over-all contents of this 
paper and to Professor N. Kroll for suggesting the 
attack which was used on angular-momentum conser- 
vation. 
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The new Tamm-Dancoff equations for meson-nucleon scattering are set up in the lowest approximation 
and it is shown how explicit nonphysical singularities may be avoided in these equations. The particle self- 
energies appearing in the integral equation are renormalized, but the resulting modified propagator for the 
system then has a nonphysical singularity. For the states 7=j=4, the vertex and self-energy expressions 
generated by the uncrossed graph are considered. The renormalized vertex may be constructed by the 
successive solution of two one-dimensional integral equations, the finite part of the self-energy then being 
obtained by quadratures. Vertex renormalization is uncertain to a constant factor in the S; state, and the 
S; theory therefore depends on two parameters. No numerical results are obtained, owing to a number of 
difficulties found in this theory—a comparison is made between these difficulties and those of the corre- 


sponding Bethe-Salpeter equation. 


I. INTRODUCTION 


OME preliminary calculations of phase shifts for 

meson-nucleon scattering have recently been re- 
ported! for the relativistic x-meson theory with pseudo- 
scalar coupling, based on the simplest Tamm-Dancoff 
approximation to the meson-nucleon system. This 
approximation omits all amplitudes describing the 
system except those directly coupled to the one-meson 
one-nucleon amplitude in consequence of the inter- 
action between the meson and nucleon fields. For this 
amplitude an integral equation was obtained. In addi- 
tion to terms describing the interaction between the 
meson and nucleon of this amplitude, the integral 
equation contained a number of divergent terms, repre- 


* Assisted by the joint program of the Office of Naval Research 
and the U. S. Atomic Energy Commission. 

t Presented as a post-deadline paper at the Washington meeting 
of the American Physical Society, April, 1954. 

t On leave of absence from the Department of Mathematical 
Physics, University of Birminghan, England. 

! Dyson, Ross, Salpeter, Schweber, Sundaresen, Visscher, and 
Bethe, Phys. Rev 98. 1644 (1954). This paper will be referred to 
as D3. 


senting the self-energies of the particles and the change 
in the energy of the vacuum state which result from 
the interaction between the meson and nucleon fields. 
The interaction kernel in this integral equation is 
clearly the most important term physically since it 
accounts for the scattering process, while these other 
terms simply describe various kinds of correction to the 
motion. Since these corrections could not be evaluated 
in this Tamm-Dancoff theory, self-energy terms were 
simply omitted and calculations were carried through 
for the T= $, S;, and Py states of the meson-nucleon 
system. Although this lowest-order Tamm-Dancoff 
theory represents a drastic approximation to the com- 
plete ys theory, very considerable success was obtained 
in accounting for the striking behavior of the phase- 
shift? 53, in terms of one parameter, the coupling con- 
stant G*/4r. For the S, state, the linear behavior of the 
phase shift 4, for high momenta could be understood 
in terms of the strong repulsive interaction obtained 


* De Hoffmann, Metropolis, Alei, and Bethe, Ph 
1586 (1954); R. L. Martin, Phys. Rev. 95, 1606 (1954). 
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in the Tamm-Dancoff theory, the departures at lower 
momenta being attributed to some weak attractive 
interaction not included in the theory at the present 
stage. 

Experiments on meson-nucleon scattering have now 
determined these and other phase shifts over a wide 
range of energies. The cross sections are relatively 
insensitive to certain phase shifts, notably the T=4, 
P-phase shifts 4,; and 5,,, for which it can only be said 
that they are small. However, in addition to the phases 
5; and 433, the behavior of the 7=4, S, phase 6, now 
appears to be fairly well established.’ 

In the Tamm-Dancoff theory, the interaction kernel 
contains one term (the uncrossed graph) which is 
effective only for the T= 4, j7=4 meson-nucleon states. 
This is a consequence of the fact that these states have 
the same isotopic spin, angular momentum, and parity 
as the state of one stationary nucleon or of one anti- 
nucleon. Although the integral equation has a finite 
form, it has no finite solution for these states, since this 
additional term generates new self-energy divergences 
in an implicit way. However this interaction term gives 
an important contribution to the scattering processes 
and cannot consistently be omitted. No means were 
available for the treatment of this problem and no 
calculations were made for these states in the previous 
work. 

In order to avoid the presence of the vacuum self- 
energy term in the integral equation, a new Tamm- 
Dancoff (N.T.D.) method has been proposed‘ in which 
the amplitudes are based on the physical vacuum state 
rather than the bare-particle vacuum state. In the 
integral equation obtained with the corresponding 
Tamm-Dancoff approximation, no vacuum self-energy 
term appears, the energy of the system being measured 
relative to that of the physical vacuum, and the par- 
ticle self-energies appearing have a form which is now 
closely related to that of the covariant theory.® In this 
N.T.D. theory, the positive and negative frequency 
states were treated symmetrically, and a new difficulty 
appeared, namely the presence of unphysical singu- 
larities in the N.T.D. amplitudes. The avoidance of 
these singularities clearly required the statement of a 
further boundary condition expressing the fact that the 
state with respect to which the N.T.D. amplitudes are 
defined is really the physical vacuum state. 

The purpose of the present investigation was to 
inquire to what extent the existing phase-shift calcula- 
tions could be improved by the inclusion of particle 
self-energy corrections, and supplemented by their 
extension to the T=}, j=4 states. In Sec. II, the 
N.T.D. equations for the problem are set up in the 


*H. A. Bethe and F. de Hoffmann, Phys. Rev. 95, 1100 (1954); 
J. Orear, Phys. Rev. 96, 176 (1954 

*F. J. Dyson, Phys. Rev. 90, 994 (1953) and Phys. Rev. 91, 
1543 (1953). The latter paper will be referred to as D2 

*F. J. Dyson, Phys. Rev. 91, 421 (1953) (this paper will be 
referred to as D1); W. M. Visscher, Phys. Rev. 96, 788 (1954). 
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simplest Tamm-Dancoff approximation and it is found 
possible in this approximation, by the use of the bound- 
ary condition mentioned above, to give a set of equa- 
tions which have no nonphysical singularities. This 
requires, however, that the theory no longer be sym- 
metrical between positive and negative frequencies. 
The renormalization of the seif-energies appearing in 
the integral equation itself is carried out in Sec. III, 
where it is found that a further nonphysical singularity 
appears in consequence of this achievement. In Sec. 
IV, the renormalization of the vertex and self-energy 
parts generated by the uncrossed graph (see Fig. 1) is 
carried through, and the evaluation of their finite parts 
by the solution of finite integral equations and by finite 
integration processes is discussed. The Tamm-Dancoff 
method has the attraction that it is numerically cal- 
culable since all the operations appropriate may be 
handled by standard numerical techniques. Except at 
one point (vertex renormalization in the T=}, S; 
state), the N.T.D. theory suffers no disadvantage from 
its lack of formal covariance, apart from the algebraic 
complexity of the equations finally obtained. This is 
emphasized in the final Sec. V, where the difficulties 
preventing calculation of phase shifts with this theory 
are discussed, and a comparison is made with the corre- 
sponding situation in the lowest approximation for the 
Bethe-Salpeter equation. 


Il. NEW TAMM-DANCOFF EQUATIONS FOR 
MESON-NUCLEON SCATTERING 


For the interaction of the meson and nucleon fields, 
the Hamiltonian has the form 


H=Ho+H;, (1) 


where H, is the free particle Hamiltonian and 
:=G { Vrrrabeuds. (2) 


In this expression (2), y denotes the Dirac matrix 
iBys, and 


vir) = (any f asp Dd ubpume'”’’, 
v*(r)=(28)1 f dap Sub* passte'?*, (3) 


¢.(r7)= (28) f dsb) (deat a*_sa)e™’. 


The spinor # satisfies the equation 
(a-p+8M)u=+E,u, (4) 


with E,= (M*+ p*)!, according as u refers to a nucleon 
or an antinucleon state. These spinors are normalized 
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to the relation 
u*u=1. (5) 


The projection operators Q*(p) given by 


O(p)=d..uu*, 2-(p)=L un", (6) 
may then be expressed in the form 
0Q+(p)=(E,+ (a- p+8M) }/2E,. (7) 


Consider now a physical state ¥ of one meson and 
one nucleon in interaction, and the physical vacuum 
state WV». For any product P of the emission and ab- 
sorption operators 6, 6*, a, and a* of (3), we will use 
the notation 

(P)= (Wo! P|). (8) 


Denoting the physical energy of the state W (relative 
to the vacuum state) by «, then 


(P)=((P,H] 


o sf = e (9) 
= ({P,Ho])+((P,Hr)). 


By expressing P as a sum of terms in normal order, i.e., 
of terms in which all creation operators stand to the 
left of the annihilation operators, every (P) may be 
written as a linear sum of the “new Tamm-Dancoff”’ 
amplitudes (C(N)A(N’)). 

Consider first the amplitude 


| oe ee 1 (10) 
For this, the Eq. (9) now leads to 
(€—wWa— N-qulég) (b_gudga)= [b een 2] “ae bt 


where 9, takes the value +1 for a positive energy 
spinor and —1 for a negative energy spinor. With H, 
replaced by expression (2), the right-hand side of (11) 
becomes 


G(2r) Uff dspask (201) >. Do (ey rw) 


x (fb qu ga, (dia ta* bad ps1 ia i (12) 


The commutator appearing in (12) is now brought to 
normal form, in order to express (12) in terms of the 
N.T.D. amplitudes. Equation (11) then becomes 


(€—wWg— 9-gulig)(b-gudga 


=(G (2x) (200 19 ou Dw (UPyr aw) (bo, 


+ (2w,) fap Dow Delt yr .w)(b_oud* -¢ Don 
+ fdsk(201 Dewy ae) 


X (gal deat+a* ua)b q-k | (13) 
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where 6_,.=(1+n_,.)/2 with the values +1 for a 
positive energy spinor #, 0 for a negative energy spinor. 

It is now necessary to obtain similar equations for 
the various N.T.D. amplitudes appearing on the right- 
hand side of (13). In this way, successively, an infinite 
set of N.T.D. equations may be built up. At this point 
however, in analogy to the Tamm-Dancoff approxima- 
tion made in the previous calculations' of meson- 
nucleon scattering, this set of equations will be approxi- 
mated by omitting each N.T.D. amplitude depending 
on four or more creation or absorption operators. With 
this approximation the two-meson amplitudes of (13) 
are given by the following equations: 


(€—wy— wie Eos k) (A gadaad q~k Bh 
=G(29)-0_ ok w Doul (wy tat) (2w,)"aagd_2.) 


+ (w*yrgu) (Qui) Mayab_oud}, (14) 


(e+wytwet Egys)(a* gad _4gd ek, w/ 
= (7 (29)-16_ ob we Soul (W*y Tat) (2wy)*a*_egd_en) 


+ (w*y7 tt) (2w,)Ma* gabon}, (15) 
(€+-we— Wi — Ng —k, whi gs b) (O*_ gabe pb—n—<¢, w) 
=G(2r)! > (Oo & w(w*y rat) (2w,)aegd_en) 
+09 & w(w*yr gt) (Que) "a" gab-g.)}, (16) 


where 6,,,= (1—8,,). 

For this last Eq. (16), there arises the question dis- 
cussed in D2, the possibility that an unphysical singu- 
larity may occur in the amplitude (a*_,ad@xab_4-¢, w). For 
a positive spinor w, the factor multiplying this ampli- 
tude in (16) may vanish, since there exist infinitely 
many &, for a given g, for which 

e+w,—or— E,4.=0. (17) 
Such a singularity in (a*_gad@sgb_n—¢, w) mean 
that, in coordinate space, this amplitude would have a 
finite vaiue at infinity. This would imply the existence 
of a real process resulting in one meson, one nucleon 
and minus-one meson. Such a process would only be 
possible here if a real meson were present in the com- 
parison state Wo. In the present problem, however, this 
is not the case, since the comparison state Wo is the 
physical vacuum.* The amplitude (a*_,«ds9b-4-+ v) 
must therefore be finite even for momenta satisfying 
Eq. (17). For fixed g and positive w, the right-hand side 
of (16) must vanish for every k satisfying (17); thus 


would 


du (w*yrgts)(a*_.ab-4,)=0 (18) 
* The N.T.D. equations which have been set up have the same 
form for any comparison state Wo. It is only at this point that the 
nature of the comparison state is invoked to provide an additional 
condition on the amplitudes which are to describe the physical 
situation. The beundnds condition which had been proposed in 
D2 is not correct, since the principal value singularity still allows 
a standing wave at infinity 
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for an infinite set of positive energy spinors w,(—k—g). 
From this it follows’ that (since y and rg are non- 
singular) 


Y 0 a*_¢eb_gu) = 0. (19) 
The spinors u form a complete set, so that 
(a*_eab-u)=0, (20) 


for all g, a, wu. From (15) and (16), it then follows that 


(a* wv pp?—¢ k «) =0, (21) 
and that, for positive w, 
(a*_ gatigd—¢—t, w) =O. (22) 


For the three-nucleon amplitude of (13), the N.T.D. 
equation is 
+p—¢ ei g-g— Apel g){b_qub* p-« vb pe 
=G(2r)-¥{ (2w,) 8 (w*y rat) (b_ oul Aga t@*—ga)) 


\e~ 9} quite 


X OpeB p-a+— BB pau) + (2iry)M(uPyrg0) 
X (b pw (A pat@* pa)) (O_o p-¢2—O-qubp¢.e)}. (23) 
From this, it follows at once that 
b_ ewb* 5-¢ Dov) =0 (24) 


when the spinors u, v, w are all positive or all negative. 
Consider next the equation (23) for « positive and 2, w 
negative [recalling Eq. (20) }, 

, , * 
(e— E,— E,_,— E,)(b_-qub 


= —G(2r) 4 


P-@ 1b pu ; 


Qwy)*(u*yraw)(byud—pa). (25) 
For this amplitude it is again necessary to invoke the 
boundary condition that Wp» is the physical vacuum 
state since, for every p, the energy factor on the left of 
(25) vanishes for infinitely many g. From reasoning 
similar to that given above, this leads to the condition 
that, for w negative, 

(b pw8— pa) =O. (26) 


From (23), it now follows that the amplitude 
b_oub* »-¢, eb pw) is zero except when one (and only one) 
of u,v, w refers to a negative energy state. For these 


nonzero components, Eq. (23) reduces to 
q 


(e+Et+Ep-¢—E,)(b- at sled 
=G(24)4(2w,) 4 (u*yraw)(byud—pa), (27) 
(e— E,— Ey_.— Ey) (b_-qud* p-¢. pe) 
= G(2x)'{ (2a) *(w* yr at) (b_gudea) 
+ (2w,)*(u*yret)(byed—pe)}, (28) 
(— Eg Ep gt EB, b-eS" pode) 
= —G(28)-1(2w,)t(w*yrat)(b_gudga), (29) 


rif Q= —’k—g, then the vectors Q satisfying (17) lie on a com- 
plete surface enclosing the origin. If (w*(Q)A)=0, then Q*(Q)A 
=0. From this, [(£g—8M)/Q+a-Q/Q]A =0. If this expression 
is integrated over the surface, then the last term vanishes, and 
one finds A =0 
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where (27), (28), and (29) in turn refer to the cases 
u,v, and w negative. 

For the remaining amplitude of (13), the N.T.D. 
equation is 


(<—noeM)(boe)=G(2e)-4 f dak [P+ 


XK (w*yr att) (Qa) b_evda), (30) 


taking account of Eqs. (20). 

These equations now form the complete set of 
Tamm-Dancoff equations in the present approximation. 
For each nonzero amplitude on the right of (13), there 
is an meee expressing this amplitude in terms of 
(dpab-».). Substituting these expressions in Eq. (13) 
then gives an equation for (@,eb_,,) alone. The use 
made of the fact that Wo is the physical vacuum state 
has ensured that this equation will contain no un- 
physical singularities. The equation obtained is 


(e—wy— Ey) (A pad_pu)= (Twt+T,n)(b_ put pa) 
C d3k 
+— f- — ~ (WLC (p,R)O' as 
16x (wn)? 
D(p,k)Qas }w)(b pwiT ps) ft, (31) 


where Sy, S,,, C(p,k), and U (p,k) are defined as follows: 


| “pl yat (— p—k)y 
=> u -- — - 
16x° we \e—wy— or — Epis 
Lied (= ab by 
+ — ——-- -)x, (32) 
- €—-W abel p+rk 


G 2 
T.=— ~ fas Sp[yQ*(—k)yQ- (— p—k) ] 
16x’ w, 


1 1 
x( $$ - —____ ), (33) 
e— E,— Eir— Epis e—E,t+Eit Epic 





¥a*(— p— k)y yr Ba k)y 
C(p,k4)=— —— — ——__—_—_—__-——, (34) 
€—w,—wi—Egis €—E,— Er—Eqye 
ya (0)y yf (Oy 1 
D(p,k4)=——— ——=y——-7. (35) 
«—M +M «—8M 


The quantities 0’, Q occurring in (31) are discussed in 


D3. In particular Qes= Tats, Q'as= Tata, and (Q’,Q) 
have the eigenvalues (2,0) for T= % states, and (—1,3) 
for T=} states. 

It is of interest now to compare this equation with 
the corresponding equation of the old Tamm-Dancoff 
theory [Eq. (10) of D3]. Owing to the use of ampli- 
tudes relating to the physical vacuum state rather 
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than to the bare vacuum state, there is no vacuum 
self-energy term in the present equation, the energy 
of the state being referred directly to the energy of the 
real vacuum. The graphs corresponding to the terms 
appearing in Eq. (31) are given in Fig. 1. In these graphs 
the + sign refers to normal particles and the — sign 
to the minus-particles, borrowed from the vacuum 
state. If a + line goes forward, it corresponds to a plus 
particle, if backward then to a plus antiparticle (of 
positive energy), while a — line going forward corre- 
sponds to a minus antiparticle, backward to a minus 
particle. Thus graphs (a) and (b) correspond to the 
nucleon and meson self-energy terms Ty and T,,. In 
these the (+) terms do not differ from the correspond- 
ing terms in the old Tamm-Dancoff equation, but the 
energy denominators of the (—) terms differ just in the 
way necessary for a close correspondence with the self- 
energy expressions of the covariant theory (see refer- 
ences 5 and Sec. III). The crossed graphs (c) and (d) 
are unchanged; the numerical calculations previously 
reported for the T=4, S; and P, states therefore need 
no modification in the approximation in which the 
self-energy graphs (a) and (b) are neglected. The un- 
crossed graph differs again only in the (—) term, the 
energy denominator 1/(E+M) replacing the previous 
more complicated denominator 1/(E—E,—w,—M 
— E,—w,); this term is effective only for the T=}, S, 
state, the modification being sufficient to permit carry- 
ing through all renormalization necessary for this state. 

For the wave function ¥(k) of the system we define 


(Rk) = (we)! > 4 t(b_ nuda). (36) 


Suppressing the isotopic spin suffices, Eq. (31) now 
becomes 

C 
(e—w,— E,)¥ (p) = { (rst TaWv(p)+2"(—p) 
Pp P 16x? 


d3k a 
x [Loco +000. WA) cae 


Wk 
It is now required to find a solution ¥(&) of the form 


1 


¥(k) =Yo(k) +P —f(k), (38) 


e—wir— Ex 
where o(k)=6(e—wi— Ex) fo(k). If fo(k) is an eigen- 
function of angular momentum j, parity w, and isotopic 


spin 7, then the phase shift 5;,.7 for the meson-nucleon 


scattering in this state is given by 
tand;.r= —xf(l) fold, (39) 


where a E,= 0. 


Ill. SELF-ENERGY GRAPHS 


The contributions of the meson and nucleon self- 
energy graphs of Fig. 1 to the integral equation for 
meson-nucleon scattering have been given in Eqs. (32) 
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Fic. 1. The graphs responsible for meson-nucleon 
scattering in the new Tamm-Dancoff theory. 


and (33). Consider first the nucleon self-energy Sy. 
The expression (32) may be rewritten in the following 
form: 


M 3G pe Mdsk f ysA*(—p—k)ys 
rete w ace f eee 
E, 16r*J E 


Ee p+ mer €~— Wp Wie E ptt 


. ysh"(p+kh)y¥s 
PR nee |), (40) 
€—wetortEpir 


where A* are the covariant projection operators, re- 
lated to the 2* by 
E 


pr 
AACRET™ See (41) 


and 6(p)=(M/E,)‘u*(p)B, o(p) = (M/E,)'u(p). 

It was pointed out in D1 that this second-order self- 
energy expression, obtained with the N.T.D. theory, 
is related to the self-energy 2» of the covariant theory 
in the following way: 


M 
Tw(?)== B(p)E2(P)0(p), (42) 


“p 
where 


| 3G pp dik 1 
22(P)=— f (no wn), (43) 
(2n)'J #—w\ P—k-M 


and P is the four-vector (A+E,, —p), A=e—wy— Ey. 
For a momentum p on the energy shell A=0, (43) 
represents the self-energy of a free nucleon. This rela- 
tionship (42) has been demonstrated by Visscher® and 
in D1, by using an adaptation of Cini’s method® (old 
Tamm-Dancoff theory) to the N.T.D. theory. It may 
also be verified directly by integration of (43) over the 
variable ko, the result (40) being obtained after a little 
rearrangement. 

The covariant self-energy 2, has the following form 


22(P)=6M+A(P—M)+2.(P), (44) 
where the finite part 2, is given by the integral 
3G f' o(P*) 
z.(P)=-— f | tu- (1—x)P] ln—— 
16n?J', ¢(M"*) 
2M*x*(1— x) 
+ (P—M)—_——_-— “| (45) 
o(M"*) 


*M. Cini, Nuovo cimento 10, 526 and 614 (1953). 
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with © PP 1 tyu?+x«M r(1 1)? In the ex 


pression (40) for 7 only the exper tation value of = 
the state v(p) is needed. This is obtained by replacing 
P—M by AE,/M and FP? by M*+A(4+2E,) in (44 
ind (45 If we take n=O in the integral (45 then 
Vv WiM 
p)Xo( P)vlp 1A+GRwA, 46 
/ E, 
ere 


ing vanisnes on tne 
energy shell A lotted in Fig 
of p fore=M 

The rst 
Ka $7 to be ib 
If one 
1 gives rise to a coupling constant renormali- 


zation when the remainder of 7. p 


term of (46) may be brought to the left of 


orbed to the nucleon 


iS a correction 


is brough 


s equation then taking the form 


here the renormalized coupling constant is G G 
] { The nucleon self-energy divergence which 
appears explicitly in the integral equation (37) may 


+} e integral 
ne integrai 


therefore be renormalized satisfactorily, 
equation being brought to the finite form (48), where 


the propagator for the system («—£,—w, is now 


AND 


neglects 7,,(p) for the present, the infinite 


ht to the 
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replaced by a modified propagator [(e—w,—E,) 
x (1—-GPRw(p)) }. 

However it is also necessary to consider the meson 
self-energy 7,,(p). This is also closely related with the 
corresponding self-energy expression in the covariant 
theory, in fact 


1 
Tn(p)=— 0(*) (49) 
cup 

where 2 is the meson self-energy in lowest approxi- 
mation, 

2 
2(0*) = fas 

(2x)* 

<Splys(0+4k—M)“"ys(O—4k-—M)], (50) 


and Q is the four-vector (A+w,, p). This relationship 
has been established by Visscher® using the Cini method 
for the N.T.D. theory, and may readily be verified by 
integration of (50) over ko. 2(0*) is then written in the 
form 

02(O0*) = 6(u*) + B(O?—p?)+-0c(C? (51) 


The function 2¢(Q*) is well known, and for the value 
of 0 appropriate we will write it in the form 


Qe (COC (52) 


= — Ww AF? Rn(p)d, 


where, neglecting terms of order (u/M)? in R,,(p), 
1 A+ 2w p| (° A+2w,)—4M? \} 
Jy ) 
2x? dw, | A(A+2w,) 
(—A(A+2w,))! 
Kar sinh ( )} (53) 
2M 


The function R,,(p) is plotted in Fig. 2 for e=M. It 
also vanishes on the energy shell A=0 (by definition 
and is generally small compared with the nucleon term 
Ry(p). 

It must be remarked here that the second (infinite) 
term of (51) is not proportional to A as is appropriate 
for a coupling constant renormalization in the Tamm- 
Dancoff theory, but is given by BA(A+ 2w,). Since the 
meson field satisfies the Klein-Gordon equation rather 
than a linear equation, such a result is difficult to avoid 
in any prescription based on the covariant theory. A 
true mass and coupling-constant renormalization in the 
Tamm-Dancoff theory requires the subtraction of a 
term C+DA from the expression 7,,(p) of (33); how- 
ever no such subtraction can succeed in making 7,,(p) 
finite. The N.T.D. method has led to a well-defined 
calculation of the finite part of the meson self-energy 
graph, closely related to that of the covariant theory, 
but it fails in so far as the interpretation of the infinite 
parts is concerned. 
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If the infinite parts of R,,(p) are simply omitted, the 
integral equation takes the form (48) with { (e—w,—E,) 
X[1—G;*(Rw(p)+R.(p)) ]}~“ as the propagator for the 
system. In view of the difficulty just mentioned, this 
procedure is not as convincing as it might have been, 
but there is still one further point to be made. Accord- 
ing to their definition, both R,,(p) and Ry(p) must 


vanish on the energy shell E,+w,=e. For very large 


a . p, they have the following asymptotic forms: 
3 2pe 
Ry(p)~ in} _ 1 ‘ 
2 P 32° M 


€ ( lpe 
In —2 
8x*p \ C) 


The second factor of the modified propagator therefore 
must have a singularity at some high momentum , for 
all G, since [Ry(p)+R,,.(p) ] ranges from 0 to + *. For 
G*/4r=13 and «= M, this singularity lies at p=1.3M. 

Such a singularity is not physically reasonable. Its 
existence would imply the presence of a corresponding 
singularity in the wave function of the meson-nucleon 
state, whose interpretation would require the presence 
of waves of very high momentum at infinity, although 
the ingoing meson-nucleon waves have energy e. This 
would be possible only if some bound system’ could be 
that of the nucleon 


] 


formed with rest mass far below 
This is clearly not the case, and this singularity must 
be regarded only as a consequence of the approxima 
tions made in setting up the present N.T.D. theory 
Despite the success of the N.T.D. method in relating 
the self-energy graphs of the integral equations to self- 
energy expressions of the covariant theory, the presence 
of this singularity prevents the use of this renormaliza- 
ion method for calculating self-energy corrections to 
the calculations of D3 for the T= # states. 


IV. RENORMALIZATION PROBLEM FOR THE 
STATES T=1/2, j=1/2 


‘ A further renormalization problem arises for the S 

and P, states of isotopic spin T=}, since they respec- 
parity, and isotopic spin as 
minus-one-anti-nucleon state and the 
for the T= 
The integral equation 


tively have the same spin, 
7 the one nucleon 
state. In Eq. (37), O=3 } states and the 
term U’(p,k) becomes effective 
now has no finite solution: this may be recognized 
most readily by attempting to solve the integral equa- 
tion as a power series in G*, by iteration from po(k). 
The successive terms correspond to graphs built up 
from the basis graphs of Fig. 1, and two typical graphs 
Rev. 95, 1329 (1954) ] has recently studied a 
which the Tamm-Dancoff approximation 


*T. D. Lee [Phys 
theory ir 
ised here is actually exact. Complete solu 
it is found that the modified propagator has a pole of this kind 


a bound state lying below 


special meson 
tions are obtained, and 


when there exists the energies 


quanta of the individual fields 
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Fic. 3. Typical graphs generated by the kernels C(p,k) 
and U(p,k) of Eq. (55) 


are 
graph L’(p,k) has operated at least once have a struc- 
ture of the type (b), and the vertices and self-energy 


shown in Fig. 3. Graphs in which the uncrossed 


parts thus generated require renormalization. 

Consider then the integral equation (38). It will be 
convenient to use the covariant projection operators 
41) and the equation then takes the form 


E,W (p) 


\E—" Wp 
. M | dyk 
G2(p)At(— p) f O'H (p kk) 
E ai Wr 
Up dk) 
tvs frww > a 
«—BM Ww 
where 
Vf | YoA p- k)ys 
H(p,k) 
E, ple Wp Wy E, 
yA (ptk)ys  } 
+ (56) 


and we have written G?(p) in place of F,(p)G*/16r', 
where the factor F,(p) arises from any (nonsingular) 
modification of the propagator (e—w,—E,)~' of the 
system due to particle self-energy effects. If these are 
neglected, F,(p) is to be replaced by unity. Since the 
kernel H(p,k) lies between positive energy projection 
operators, its form may be simplified to 


H(p,k) = H_(p,k)(1+8)/2+H,(p,k)(1—8)/2, (57) 
where 
1 (F(E,+Ei— Ey) +M 
H(p,k) 
2.41 entender teu 
F(E yt Bit Epis) +M | 
n 58) 
é E, E, Ess 


For the 7 


A solution of the form (39), 


states, 0 and 0” take the values 3, —1 


P 
(59) 


ol p)+ f(p) 


t—Wy— Ly 


Lip 
v\P) 


is now required. Consider first the function g(p) which 





308 R H. DALITZ 


is the solution of 


M edxk 
g(p GC: »| B, p)+At(—p f {) H(p,k) 
“p W 
P 
4 ce) 60) 
e—w,— Fy 


where B,(p) is the Born approximation amplitude 


M pdsk 
B.(p)=A*(—p) f 0 H(p,kWolk). 


E, ae 


(61) 


Procedures for the approximate solution of this Eq. 
6) have been discussed in D3 and we shall not con- 
sider this problem further here 
By substitution of (59) in the Eq. (55) and use of 
the Eq. (60), it will be found that the complete function 
f(p) is now given by 
M 
{(p)=g(p)+G.(p)—A*(— pyr’. (p)x, 


f 


Ey 


(62) 
where [, p) is the solution of the equation 


& dsk VU 
r.(p)=rs f ( H (pk) P.(R) 
Ww | OF 


167° 


k y k), 63) 


OB 1,k 
x f wik 64) 
«—B8M Ww 


In (63) the notation 


has been used, so that P,(k) now represents the modi- 
fied propagator of the theory. It is useful also to define 
p) of T.(p), 


the adjoint I, satisfying the equation 


x P, k)H k,p) 66) 


62) in Eq. (64), the follow- 


ing equation is obtained for the spinor: 


Os d3k 
e =~ | by 


After substitution of (59 


(638) 
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With use of (66), the first integral on the right of (67) 
becomes 


dxk 
f — 70k) 
Wk 


dq CG dq 
-f r.'(g)o(q)-— ff P."(g)A*(— 9) 
167’ We 


Wq 
M d3k 
xX —P,(q)Q’H(q,k)o(k) 
E, rap 
dq dsq P 
f ravgo(@ f- -T."(q) 8(q) 
J We Wg e—w,— E, 
dsq 
We 
and the solution x of Eq. (67) may be written 
OB dq 
x= f I.'(q)Wo(q), (70) 
«—BM—OBS(6)/ w, 
where 
md sk 
si= fx P (R)A*(—R)T A(R). (71) 
UIAD ke 


The function I',(p) is the vertex operator of the 
present theory and corresponds to the sum of all vertex 
graphs of the type shown in Fig. 3(b). Its definition by 
Eq. (63) is purely formal, as I’,(p) is an infinite quan- 
tity. The function S(e) is the self-energy expression re- 
sulting from joining the outgoing meson and nucleon 
lines of the vertex I',(p), i.e., it corresponds to the 
sum of all simple self-energy graphs of the type shown 
in Fig. 3(b). It is now necessary to discuss the re- 
normalization of ',(p) and S(e) and the calculation of 
their finite parts. 


a) Vertex Operator 
Only matrix elements of I',(p) leading to a positive 
energy spinor are effective in Eq. (63) and in the ex- 
pression (62) owing to the presence of the projection 
operator A*+(— p). It is therefore appropriate to reduce 
63) to two-component form. We now define the two- 


component function A,(p) by the relation 
A.(p)=4(1+-8)A*(— pT. (p). (72) 


Che matrix element appearing in (62) may be expressed 
in terms of this function by 


sop 
A*+(—p)I’.(p)= (:- Jan) 
E,+M 


(73) 


Now the spinor x on which A,() will operate in (62) 
corresponds to a state of zero momentum (since the 
system is being treated in c.m. system). From parity 





RENORMALIZATION 


conservation, x is a positive frequency spinor if the 
incident system is in a p, state, a negative frequency 
spinor if in an 5S, state. In zero approximation, then, 
A.(p) may be reduced to 


1+6fE£,+M op 
[= ] 
2 2M 2M 


A.“ (p)= (74) 


Clearly only the first of these terms is effective for the 
S, state, in which case the spinor x standing to the 
right of A,(p) has negative frequency, and only the 
second for the p; state, x then being a positive frequency 
spinor. From considerations of rotational invariance 
and of parity, the function A,(p) will have the general 
form 
1+6fF,+M a-p 
A.(p)= V s(p)vst+ V p(p) | (75) 
2 2 2M 
where Vs(p) and Vp(p) are scalar functions. Corre- 
sponding to the adjoint operator [','(p), an operator 
A.'(p) is defined 


1+, 
A.'(p)=T.1(p)A*(— p) 
? 
E,+M o-pyi+s 
-| Vis(p)ystVtp(p) (76) 
2M 2MJj 2 


To obtain equations separately for Vs(p) and V p(p), 
we proceed from Eqs. (63) and (73), whence 


CG dag 
g fa 
167° Egg 


1—, 


A. p)=A. (p)+ (p) 


1+, 
+H (p,q) jo 
? 


Yso'g ? 
Xi 1— Jao. (77) 
E,+M 


may now be simplified 


x (H.(00) 


The integral on the right of (77 


to 
1+8 G iP (=) 
0’ 
2 167° J Ew,\ 2M 
o-po-g 
x(a (p,q)— H.(pa) Poa) 
(E,+M)(E,4+M) 


Substitution of (75) for A,(p), and comparison of terms 
on either side gives equations for Vs and V p separately: 


CG gdq dQ, 
V s(p)=1+— of 
8x? Ew, 4 
Pg 
(E,+M)(E,+M) 
X P.(q)(E,+M)V s(q), 


x{ 7 (p,q)— n.(¢0)| 


(78a) 
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CG gdq dQ, 
Vp(p)=1+ of arn 
8xr* Ego, 4 
Pg 
x| H_(p,q)- H.(.)] 
pq (E,+M)(E,+M) 
o(Ey+M) 
x P.(g)- Vp(q). (78b) 


We will write these equations in the form 


CG 
V .(p)=14+— Of dgla(eaV a) (79) 
16n” 
the kernels La(e,p,g) being obtained by integrating 
(78) over the angles of g. In terms of the symmetric 
function K,(¢,p,g) obtained by averaging the square 
bracket of (78) over the angle between p and qg they 
are given by 


Ls(¢,p,q): (E,+M)U s(¢,p,9)P.(q), 
Lig 
(80) 
g° E eT M 
Lp(e,p,q) = U p(¢,p,g)P.(q). 
Eg, p 


The function U’,(¢,p,q) has been calculated in D3 with 
the result 


U s(¢,p,q) = (A —2M)Ko(C)+ (e— M)Ko(B) 


Pq 


+ (AK, (C)+(e+M)K,(B)), 
(E,+M)(E,4+M) 


Up(¢,p,q) = (A—2M)K (C) + (e— M)Ki(B) 


pq re . 
(AKy(C)+(e+M)Ko(B)), 
(E,+M)(E,+M) 
in which 
A=E,+w,+E,t+w,+M—e«, 
B=E,+E,—«, 


C=wytwy—. 


The Ky and K, functions are explicitly: 


1 E+«x+R 
Ko(x)= in " ), 
2pq E+x—R 


1 
K,(x)=-— (M*+ p?+¢— x") K o(x)+ 


1 x 
(‘-j) 

2pq 2pq E 
with E=(E,,,+E,-,)/2, R= po/E. 


It is now necessary to find an equation for the direct 
calculation of the finite part of Vs and of Vp. The re- 
normalized function V,"(¢,p) is related to Vale,p) by 


Va" (¢,p)=Za'Valep). (81) 
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Equation (79) then becomes 


renormalized V,"(¢,p) may be defined by 


V."(M,0)=1 


' 
to be choser 


it follows that Z, is 


CG 
0” f dat. €,0,q) Va" (M,q). 
| a 16m 


| rom Eqs 82 


finite integral equation for V,"(M,p): 


now construc 


and (84), we may 


x p,q) —La(M,0,9)) Va" 


This is an integral equation whose solution 


] 
obtained by standard numerical methods. It may readil 


be verified that the dominant term of L, 


M p,q 
irge g is independent of p, so that the subtraction does 


cancellation of the divergent terms of the 
[his requirement is, of course, essential for 
; 1 } } 


*sS OF (this renormaiizatio scneme 


is met here provides a strong che 


appropriateness of the N.T.D equations Ior 
lem at hand 


When V."(M,p) is 


known, 


» kernels correspond 

é vertex Tunctions 

may } Append to dex rease as 
a negative power of p for la 

warithmically divergent in rm approximatior 

} . é Pp l 


Appendix B 


is now convergent mav be shown 


that, i i 0. It should be 


This result implies that, for 


8 (ep) satisfies the homogene: 
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remarked that, in this theory, the expressions for Zs 
and Z>p are quite different ; this is a consequence of the 
asymmetry between the positive and negative fre- 
quency states included in the theory, required by the 
considerations of Sec. II. 

In the covariant theory, the renormalized vertex 
operator I';*(p’,p) may be defined by the condition 
Limp +f @(p')T's*(p',p)u(p) |/(a(p’)vsu(p) |=1, (88) 
where p is the four-momentum of a real nucleon. It is 
to be noted that this condition only makes a direct 
statement concerning the diagonal elements of I';*(p’,p) 

the nondiagonal elements of I';"(p’,p) between posi- 
tive and negative frequency states, are, of course, 
well-determined by this condition and are definite, but 
unknown, functions of G*/4r. In the p, state, Vp in- 
and the renor- 
malization procedure (83) adopted is the direct analog 
the four-momentum p being chosen (M,0). 


volves the diagonal element of I’,(g 


of (88 4 


However, in the S; state, the nondiagonal element of 


r'.(g 
inity, 


is effective and Vs should be renormalized not to 
but to a value whose magnitude we are at present 
unable to determine. Vs" and Zs are therefore each 
undetermined to a constant factor. This inability to 
relate Vs to the diagonal elements of I',(q) is again a 
consequence of the lack of symmetry between positive 


and negative frequency states in the theory. 


b) Self-Energy Graphs 


Consider now the calculation of the finite part of the 
self-energy S(e) of (70). As Salam” has emphasized, 
» divergences in these self energy 
However 


there occur overlay 


parts, which require careful consideration. 


Ward" has shown how these difficulties may be avoided 
by a special method which we shall adapt to the 
present case 


Consider then the derivative" of S(« 


CC Md,k dP,(k) 
Bee 
Fuw 7 


lor de 


(89) 


+P AR)A 


has also pointed 


this out in his study 
nt approxima 
is uncertain to a 
is specified by tl wundary condition 
and A (e) must be obtained by comparison of the asymptotic 

obtained for energies « and M. The numerical solution of a 

ilar homogeneous integral equation requires great care in the 
omenta, whereas the Eqs. (85), (87) are well 
his respect. It should also be noted that, 

Isive interaction), the renormalized 

(85), (87), but does 


(Phys. Rev. 90, 284 (1953 


of a covariant vertex function, based o 
n. The solution of 


n : iffere 
this homogeneous ¢ 


or Ale Only A(M 


f hich 


\. Salan 

J. C. Ward, Proc. Phys. Soc. (London) A64, 54 (1951 

‘The derivative of a principal value integral /@(p)P.(p)dp 
with respect to the position of the singularity will be denoted 
Sol) (dP.(p)/dedp. Its evaluation will be 


SYMDOLCALY 


discussed in Appendix A 
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Substituting for ys; the expression given in Eq. (66) 
and using the derivative of (63), namely 

aT’ .(q) CG f d3k 

Ew 


dH (¢,9,k) dP.(k) 
x(|° ———P, (k) +H (€,9,k) — }oore 


de de 


al ,(k) 
+H (¢,¢,k)P.(R)At(—k)— ), 
d 


€ 


it will be found that 


dS(e) G* feQMdsk dP, (k) 
=—— I ,t(k)At+(—k)—— 
de l6nrF Ey, de 


CG M*dspd3q 
+(- yoff [ravnar(—pPo 
16r° E woyE wy 


dH (¢,p,9) 
x 


qqecumes ——- - A*(—k)T.(R) 


pugar(—or ad} (91) 


de 


This may now be expressed in terms of Vs" and Vs” 
by substituting (73), (75), and (81). After some re- 
duction, this becomes 


1+, 
= ZAst+ 
de 2 2 


dS(e) 1-8 


Zp*Ap, (92) 


where Ag and Ap are given by 


CG kedk dP.(k) 
Set Mux(E,x+M) de 


Gy? g’dq p'dp 
(eff 
Sax? Eqs, Es, 


dK. (€,9,p) 
x(e.or@ . Paipvea(t)), (93) 


Ge 


and 8 may be taken as +1 for the p,; state (a= P), —1 
for the S; state (a=5S). The functions »,.(p) are given 
by vs(p)=(E,+M)Vs*(p) and op(p)= pV p*(p). The 
quantities A defined by Eq. (93) each have the struc- 
ture of a vertex. The first term of A diverges less than 
linearly. The second term is convergent over p and q 
integrations separately, and diverges less than linearly 
for the joint integration. The quantity A(e)—A(8M) is 
therefore a convergent integral if the integrands are 
subtracted before the integration. The self-energy 


IN NEW 


TAMM-DANCOFF THEORY 


S.(€) is then, on integration of (92) 


Sa(€)=Sa(8M)+ (e—BM)Z.2A4(8M) 


+Z,? (Aa(e)—Aa(BM))de’. (94) 


BM 


The last integral of (94) represents the finite part of 
the self energy S.(¢) after renormalization—we shall 
denote this finite part by (G*/16n*)S,*(¢). Of the other 
terms, the first represents a correction to the nucleon 
mass and the second produces a coupling-constant re- 
normalization at certain points. 

The final expression for /(p) is now 


2 


=e) F.C) AY(— PPP) 
= — —f, ? (— Pat 
S(p)=8(? 16m E, p pyr (p 
goatee te 
«—BM — (G#/169*)08S.."(¢) 


(95) 


ask 
x frie, 


ey 


where G;? is the renormalized coupling constant G*Z,°/ 
(1—Z,?A.(8M)). At all other places in this expression, 
where the coupling constant occurs implicitly, the 
unrenormalized coupling constant G? is effective. This 
corresponds to the appearance of G,? only at the points 
marked with a cross on the graph (b) of Fig. 1. For an 
approximate theory, such as the present one, it is not 
to be expected that a renormalization scheme can be 
obtained which is complete and consistent at every 
point. What is significant is that, with the N.T.D. 
method, the finite parts of all divergent expressions 
have been identified uniquely and it has been shown 
that the infinite parts occurring in self-energy and 
vertex terms may be interpreted as mass and coupling 
constant renormalizations. For the p, state, it would be 
natural to identify G: with G, which corresponds simply 
to dropping all infinite terms. However, for the 5, 
state, the renormalized vertex function is uncertain toa 
constant factor—if a finite vertex operator is defined 
corresponding to some standard condition such as 
(83), this uncertainty is transferred to an uncertainty 
in Gz. For the 5, state, therefore, the two coupling 
constants G and G; are to be considered as quantities 
to be determined independently from comparison with 
experiment. 

To obtain the phase shift, only the large com- 
ponents of f(p) are needed. For the S, state, taking 
¥o(p) =5(e—w,— E,), 

G? E,+2M 
ISG 0f Oo VED 
4° 3E, 
3 W(E;+M) 
x —_-—---__-——_—_—- ———Vtg*(f). (96a) 
e+M + (3G2/169*)Ss*(e€) 2Me 
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For the p; state, Yo(q) is 6(e—w,—E,)o- p/p and 


G? 1 


fe (p)=gr*(p)+ Vek(p 


Vtp®(1). (96b) 


x 
e— M — (3G2/169*)S p®(e) 2Me 
The phase shift is then given by expression (39 


V. DISCUSSION 


It is of interest to summarize in this section the 
various difficulties which have appeared in the course 
of this work, and to compare the situation with that 
for the corresponding covariant Bethe-Salpeter equa- 
tion. In lowest approximation for meson-nucleon scat- 
tering, this equation may be written 


p— M—2(p))(¢@—w?—22(¢"))o(P,9) 


CG Q’ 
faa(o Ys 
(2x)* p—k—M 


0” 
+75 vs) (+9) (97) 
p+q—M 


This equation goes a little beyond the lowest approxi- 
mation in that the use of the modified propagators 
corresponds to the inclusion of some terms of order G* 
For hq (97 
malization is not strictly possible since a product of 


a consistent coupling constant renor 


propagators occurs, but it is reasonable to simply drop 
the infinite parts of 2, and Q2,. However, as Feldman! 
has pointed out, the modified nucleon propagator 
[ p—M—Z.(p) }" has a pole in the complex pp-plane, 
which probably has the consequence that (99) has no 
finite solution in its present form. In Sec. ITI, it has 
been remarked that the modified propagator in the 
l'amm-Dancoff theory also has a nonphysical pole, 
which prevents its use in the scattering calculations 
The physical interpretation of the pole is quite different 
in the two cases and it appears most probable that 
there is no simple relationship between them. Each of 
these situations illustrates that approximations to the 
modified propagators may be used only with caution, 
and only when they contain no singularities beyond 
those required by the physical processes possible. Both 
in (37) and (97) then, the presence of a spurious pole 
prevents the use of the appropriate modified propaga 
tors in the theory 

For the T=} states, the calculation of a covariant 
renormalized vertex may be reduced to the solution of 
a finite integral equation in a manner similar to that 
developed in Sec. IIIa, and the self-energy renormaliza- 
tion procedure may be followed through according to 
the method of Ward." However the difficulty in the 


%G. Feldman, Proc. Roy. Soc. (London) A223, 112 (1954 
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covariant theory is that reliable solutions cannot be 
obtained for these four-dimensional integral equations 
at present, especially as numerical techniques are 
inadequate to deal with integral equations involving 
several variables. The advantage of the N.T.D. theory 
is that all these operations involve the solution of one- 
dimensional] integral equations by standard techniques. 
The advantage of the covariant theory is that it in- 
cludes both positive and negative frequencies; the 
vertex renormalization is then well-determined in that 
the relation between the renormalized vertices effective 
for the S, state and for the p; state is known explicitly. 
For the graphs generated from (97), only an incomplete 
renormalization is possible, of course, in that the re- 
normalization of each coupling constant is not inde- 
pendent of its position in the graphical structure. This 
situation also holds in the N.T.D. schemes; it is not a 
serous matter since the important thing is to calculate 
the finite parts corresponding to a given graph. The 
difficulty for the N.T.D. scheme is that, in the S; state, 
the uncertainty in the vertex renormalization involves 
essentially the introduction of a new parameter in 
the theory. 

Both the B-S and the N.T.D. theories have the defect 
of not satisfying the symmetry principle of Goldberger 
and Gell-Mann,'* that to every uncrossed graph gener- 
ated in the theory a corresponding crossed graph should 
be included. One consequence of this symmetry prin- 
ciple is that the difference between the T=} and T=} 
scattering lengths at zero momentum must approach 
zero in the limit of vanishing meson mass. If this feature 
of the complete +; theory is not present in the approxi- 
mate calculations of S-state scattering, it may well be 
that the difference in slope calculated may reflect the 
approximations of the method rather than the content 
of the complete theory. This defect will exist in any 
strict Tamm-Dancoff theory, and this suggests the 
direction in which any further modifications of the 
noncovariant theory should tend. 

In a more complete theory, one may expect that 
equations of the type (37) may be obtained, but with a 
far more complicated kernel. The modification to the 
S-state kernel used here may be expected to be quite 
different from that for P-state kernels, so that a com- 
parison of (37) with experimental results may well lead 
to effective coupling constants different for S- and P- 
states. A practical difficulty (see Appendix A) in the 
use of the considerations of Sec. IV is that for the 
T=}, j=4 states the integral equations (60) and (85) 
have satisfactory solutions only if G*/41 is less than 6.7. 
This is certainly not a deep difficulty since for reason- 
able coupling strengths the unsatisfactory character 
of the solution only shows up for very large momenta 
(say p>10M) where the Tamm-Dancoff kernel could 
not be regarded as a reasonable approximation. 


“M. Goldberger and M. Gell-Mann, Proceedings of the 
Rochester Conference (University of Rochester, Rochester, 1954) 
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Several more general criticisms of the N.T.D. 
method, made recently, should also be mentioned here. 
Symanzig"’ has considered the soluble case of the an- 
harmonic oscillator and has shown that the N.T.D. 
amplitudes do not diminish with increasing complexity 
of the amplitude considered but may even increase 
exponentially, although the old Tamm-Dancoff ampli- 
tudes describing an excited state of this system do 
diminish satisfactorily. It seems possible that this lack 
of convergence may be a general feature of the N.T.D. 
method and that the equations considered here could 
not be regarded as the first approximation in a con- 
verging sequence of equations. Renormalization of ex- 
plicit self-energy expressions occurring in higher ap- 
proximations of the theory have been considered by 
Taylor'* who concludes that these expressions do not 
have the structure necessary for the success of the 
renormalization procedure. The effect of these objec- 
tions on the present theory is not yet clear however, 
but it seems probable that the equations studied here 
should still provide a first approximation to the more 
extended theory. 
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APPENDIX A. CALCULATION OF DERIVATIVES OF 
PRINCIPAL VALUE INTEGRALS 


The derivative of the following integral 7,(k), 


T{k) -f P.(k)o(k)dk (Al) 
0 


with respect to energy «, is to be calculated. P,(k) is 
singular at k=/, where e=w,+ E,, so that (A1) is to be 
understood as a principal value integral. We may write 


P A(kR)=A.(k)/(R—-D. (A2) 


The differentiation of 7,(k) then leads to 


dl {k) o/h th 
-f -- o(k) 
de o (kR-D de 


dit d pe” 1 
+ | A (i(8)a | (A3) 
de 


dl. ¢ k—lI 


The first term of (A3) is a principal value integral 
again, so that only the square bracket need be con- 
sidered. The principal value integral appearing there 
may be given by the average of the integrals along two 
contours from 0 to + in the complex plane, are 
passing above k=/, the other below. Then for these 


= K. Symanzig, Gottingen Dissertation, March, 1954 (un- 
published ) 
8 J. Taylor, Phys. Rev. 95, 1313 (1954) 


IN NEW 


TAMM-DANCOFF THEORY 


contours C, the square bracket becomes simply 


1 
f —_—B(k)dk, 
c (k—1)? 


where B(k)=¢(k)A.(k). Making use of the integral 


(A4) 


f dk/(k—l)*?=0, 


—. 


(A4) may be rearranged to give the following explicitly 
finite expression 


dx 


f B(l+-x)—2B(1I)+B(l—x) 
0 


x 


* B(k) 2B(1) 
+f - dht——— (AS) 
a (k—T)? l 


suitable for numerical computations 


APPENDIX B. BEHAVIOR OF THE FUNCTIONS g(p 
AND Va(e,p) FOR LARGE p 


Consider first the function g(p) satisfying Eq. (60). 
The states S; and P, are of special interest in the present 
work, and our detailed remarks will be confined to this 
case. Only the large components ga*(p) of ga(p) 
need be considered, and the integral equation for 
ga’ (p) has been given in D3. With the notation of the 
present paper, 


G G 
£=*(9)=—0'Ba(p) +0 f dh Lalespge*(®), (B1) 
8x" 8x? 
where La(e,p,k) is given by Eq. (80) and B,(p) is ob- 
tained from the integral of (B1) by replacing P,(&) of 
L, by 5(e—w,— Ey) and ga*(k) by 1. 

Now for p>k, 


Pe EAM 1 1 
La(¢,p,k)~ - - +0(-), 
Eon €— orn — Ey p pP’ 
(B2) 
B.(p)~ +++., 
ep 


where the + sign refers to the S-state, the — sign to 
the P-state. If p and k are comparable, and large com- 
pared with M, La(e,p,k) is given by the following ex- 
pression. With a>b>M, 


L,(¢,a,b)—~L,(¢b,a) 
a+b a+b l1at+b 


~- n 


ab a 2 @ 


(B3) 


In the integral equation (B1), consider the ranges of 
integration k=X, where XM. Then for p>X, the 
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integral up to k= X and the term B,(p) are each of 
form 1/p, while the kernel is homogeneous for k>X. 
This integral equation is therefore singular at infinity 
and not of the Fredholm type. Such equations, homo- 
geneous for large momenta, characteristically have 
solutions with an asymptotic form ~p*. If A> —1, the 
integration for X¥<k<« may be extended down to 
k=( using the asymptotic form of the kernel, with error 
of lower order, and this term (being homogeneous) 
reproduces the form p* with a coefficient depending on 
X. This term is dominant on the right of (B1), and 
equating this with g.*(p) gives the following equation 
for d: 

16x? 

—=-—(Q'D®&), (B4) 

G 


where 


D(a) 


x cosecry 1 1 


~ MI4A) OM (1A)? 


+--- —— —E 
2A(1+A} 2(A—1)(2+A) 
This derivation of (B4) is valid only for —1<A<0, 
D(A) is singular at \=0 and A= —1. In Born approxi- 
mation, the asymptotic form of g.*(p) corresponds to 
=—1, and, for T=}, j=} states (0’=—1), the 
value of \ increases with increasing G* until it reaches 
=—} at G/4e=3n/(3r—8)~6-7. At this critical 
value of G*, the function g(p) is no longer normalizable 
for large p. For G* beyond this critical value, the value 
of d is complex, of the form \= —4}+iu—the equation 
no longer has a uniquely defined solution, and no 
solutions are normalizable. Such a critical value G?(7) 
exists for every attractive meson-nucleon state, but 
owing to the centrifugal repulsion, G?2(j) increases 
with increasing j, being about" 26.9 for j=}. 

For the T= 4, j=} states, Eq. (B4) has no solution 
in the range —1<’<0. However it may be shown that 
the asymptotic form of the solution is still p*, where 
\<—1 and is given by the same Eq. (B4). For these 
states, as G* is increased, the value of \ decreases from 
\=—1, and the solution decreases faster than Born 
approximation for large p. 

' The function V,*(M,p) is defined by the integral 
Eq. (85). In Born approximation V,.*(M,p) is asymp- 
totically constant. For definite G, V."(M,p) may be 





” H. A. Bethe and F. J. Dyson, Phys. Rev. 90, 372 (1953). See 
also H. A. Bethe and F. de Hoffmann, Mesons and Fieds (Row, 
Peterson, and Company, Evanston, 1955), Vol. 2 
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expected to have asymptotic form p*, where \ may be 
either \=0. 

If \<0, then the integrals on the right of (86) are 
separately convergent, and in the limit p— ~, the 
equation becomes 


C 
1- ae f dkL.(M,0,k)V."(M,k)=0. (BS) 


This implies that 1/Z,=0, and that V."(M,p) satisfies 
the homogeneous part of integral equation (79). For this 
equation, it is easily shown the dominant part of the 
integral comes from the asymptotic region, so the 
value of \ is again given by Eq. (B4). This equation 
does in fact give a negative \ for the physical case 
Q’=—1. As G increases from zero, \ decreases from 
zero to negative values, reaching A= —} for @=G/2. 
For this attractive interaction, then, V."(¢,p) de- 
creases more and more rapidly with p, as the inter- 
action becomes stronger. 

For \>0, more care would be needed. With Eq. (85), 
the dominant terms on the right come from large 
momenta k and the asymptotic form of L.(M,0,k) 
must now be included. When this is done, the calcula- 
tion may be carried through as above, with the result 
that Eq. (B4) is valid again for positive \. Hence, for a 
repulsive interaction, the value of \ runs from zero 
along the right-hand branch of the function D(A), and 
Va"(M,p) increases as p increases. For this case 
integral (B5) diverges and 1/Z,=%. The function 
V_"(M,p) now does not satisfy the homogeneous part 
of the integral equation (80)—in fact, this homogeneous 
integral equation now has no solution, in general. 

For this case, it is necessary to examine also Eq. 
(87). Since La(e,g,k) is independent of ¢ for large , 
the dominant part of the inhomogeneous term in (87) 
has the asymptotic form ~X(e)p’', corresponding to 
asymptotic form p’ for V."(M,p). If the function W.(k) 
is ~k* for large k, the form of (87) requires u<0 and a 
comparison of dominant terms requires u= v—1. W,(k) 
then has asymptotic form A (e)q’-', where 


CG 
4(0(14+——po-) =X00. (B6) 
16x? 


The difference between V,*(¢,p) and V."(M,p) is 
therefore of one order lower than the separate vertex- 
functions. This is of importance since the renormaliza- 
tion procedure adopted would not otherwise succeed. 











PHYSICAL REVIEW VOLUME 


99, 


NUMBER 1 JULY 1, 1955 


Decay of Spin-Zero Mesons into Two Leptons* 
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The fotlowing general theorem is formulated: The matrix element for the decay of spin-zero mesons with 
mass m into two leptons with masses mw; and ys: respectively contains only terms proportional to w;/m and 
u2/m, if in the open polygonal arc of lepton lines the number of matrices y, plus the number of internal lines 
(Sr-functions) is odd. There can also be terms proportional to u:/m if virtual leptons with yw; #1, w: appear 
in the arc. Application of this theorem to the reaction #°—+e*+-e~ leads to a ratio of the one pair to the two 
pair decay of the order (u,/m,*)?~10~*. A priori one would expect this ratio to be of the order one. Further 
more, the theorem provides a more general basis for the discussion of the relative probability of the reactions 


r—yut+y and r—-+e+y 


HE recent development of bubble chambers makes 

it possible to detect higher order decays of pions 

into leptons. Therefore it might be of interest to study 
processes like 


Prete, Poectet+et+e, rt—et+yp, etc. 


It is the purpose of this note to show, on the basis of 
general principles, that in many cases the transition 
probability for the decay of spin-zero mesons into two 
leptons is reduced by a factor of the order (u/m)?, where 
u is the mass of the heaviest lepton emitted and m is the 
meson mass. The matrix element for a process of this 
kind can be written in the general form! 


M (p,q) =¥:(p)F (p,g2(q)o(q—p). (1) 


Here ¢(q—p) is the wave function of the decaying spin 
zero meson having four-momentum g—?, and ¥;(p) 
and ¥2(q) are the corresponding wave functions of the 
emitted leptons. They obey the Dirac equations 


ips (p)p= —uwi(p), iqv:(¢) = —uwv2(q), 


where we use the notation A=y,A,= —i8a,A,+iBAo 
and ~=y'y,; uw: and ue are the masses of the emitted 
leptons. F (p,q) is a spinor matrix which transforms as a 
scalar or pseudoscalar function depending on the rela- 
tive parity of ¥:(pW2(q) and ¢(q—p). If a, b, etc., 
are scalar functions of p’=—y,*, @=—u, and pg 
=4(m?—y;*— 2"), we can write the 4X4 spinor matrix 
F (p,q) for reasons of covariance in the form 


ja+bm 'p+cm™~'q+dm~*(qp— pq) 


F(p,q)= (2) 


l-ys{a’+b’m 'p+c'm~'q+-d'm~*(qp— pq)}. 
The first row is for scalar F and the second for pseudo- 
.—— e~ 


sicnpiciabs A 


Lemetiens OF 





Fic. 1. Graph of order a* for the process x°—»e*+e™. 





. * Supported in part by the U. S. Atomic Energy Commission. 
¢ On leave of absence from the University of Tokyo, Tokyo, 
J 


apan. 
1R. Oechme, Z. Naturforsch. 7a, 55 (1952). 


scalar F. Introducing this into Eq. (1) we obtain by use 
of the Dirac equation 


Mi Me Miset pq 
a+1tb—-+ ic—+ 2d 
m m me 


x ¥i(p)w2(q)6(q—p) 


M=: 
Me nae) 


; ° #1 eg 
a’ — ib’ —+ t 


m m m* 


aa Sil 


<6 


Xvi(p)yw(g)o(q— Pp). 


We observe that the terms in F which are linear in y, 
lead in the matrix element M to contributions pro- 
portional to the lepton masses. These contributions 
vanish for 4;—0, uz—0, provided the coefficients do not 
become infinite in this limit. A behavior like that would 
be very unusual and can be excluded in al! applications 
discussed below. If, for a special decay process, the 
function F (p,q) contains only terms involving products 
of odd numbers of matrices y, besides those which are 
a priori proportional to 4; Or ye, it can be reduced to 
bm p+ cm™'q+- fim™ ps+ fom™ wo 

F(p,q)= ; (4) 
¥s(b'mp+c'm—'qt fi'm™ wit fo'm ws). 
The corresponding matrix element therefore contains 
only terms proportional to the lepton masses mu; and po. 
Here we have made the assumption that the open 
polygonal arc of lepton lines contains no internal lines 
corresponding to spin one half particles with masses 
different from yu; and us. Thus every internal lepton line 
is associated with a propagation function 


S p(k) = (th—p)/ (2+ 2), 


where wu is either 4; or we. After having performed the 
integrations over intermediate momenta, the four vector 
k, must be of the form ky=x(m,ui,u2) p+ y(mu1ua)ge 
We see that every S-function introduces a term pro- 
portional to y, and a term which is a priori proportional 
to wy OF ue. For the applications it is only important that 
the masses of the virtual leptons in the open polygonal 
are smaller or of the same order of magnitude than 
those of the final particles. 
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AND R OEHME 


Let us further consider the decay of a charged 
x meson into a u meson and a neutrino and into an 
electron (positron) and a neutrino. Assuming that both 
processes are caused by the same interaction (see 
Fig. 2), one would expect from the difference of phase 


spaces ar 1t10 


We can write the matrix element for both reactions in 
" 


he lepton field is such 


it the number of y, matrices contained in F is odd, we 


find, according to our theorem, 
R~3.3(ue/ uy)? ~ 10 
, td ¢ denend an whether the interactior 
s resu oes not depend on whe  interacvion 
} tor r nuclean nal rather intermediate 
re Oro Irs Via nucieon palrs or other intermediate 


is. We assume only that the charged + meson has 





spin zero and that the u meson and the neutrino have 
snin one ilf. Terms proportional to y,/p, have been 
egiecte ty LUSé 
rv We see t 
t | ) 
exp — anke 
wn R>1.0 
rp | t) 
yn of the ge 
sed ) 
5. re T » 
rder 
\ ratio R of e order 10°* tor pse lovector lepton 
. Ss bet 10 | by sever 1utl rs They 
¢ | e matrix eleme : bot le \ 
) eSS¢E S er of nes eon coupling, 
Ss é eraction occurs Vv ntermediate 
eon field \ rding to our theorem this result 
is in a more gene ral sense We finally remark that 
r some of ¢ to ) gs t ead toa ratio 
R~10- the reaction r—>e+ +7 should be more prob- 
ble b i rr ot e order (m,/p v~ 10° than the 
le VF , nn For the process 7w-e> vy our tl eorem 
. | | ble 
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€; and ¢e;; and intrinsic magnetic moment wy and gy is 


f the Breit tvpe. The method of reduction of two-particle 








by ( hraplyvy S$ used to convert this equation to an ap 
) le perturbation calculation is used to detern 
the fine and hyperfine structure of 
5 
1. INTRODUCTION ponent”’ methods of reduction when applied to either 
N two previous papers,! referred to hereafter as I and the one or the two-body problem. Although these 
II, the Foldy-Wouthuysen canonical transforma- differences have been discussed qualitatively before,' a 
tion? was generalized by Chraplyvy to the two-body simple quantitative comparison may be of interest. We 
problem both for the singular case of equal masses as consider the hydrogen atom, approximated as a one 
well as for the case of unequal masses. We consider here body problem. 
several applications using, except where noted, the The exact solution for the energy EZ of the Dira 
° } : ¢ " if ] 
terminology and notation of I and II. equation‘ for hydrogen, 
Four-component one-body relativistic equations of y , 
; Bm+a-p—e/r) idd/a 
the Dirac type or sixteen-component two-body equa f ¥ 
tous F tha Wiest tore. stew ar be weaned tn teens ; ; 
tions of the Brei ype may now be re luced to two- or mav be expanded in asc ending powers of the fine 
fry ant r imate all ti } . tha Jaryly uf " > 
four-component approximate equations of the Pauli structure constant a. 
type by the Foldy-Wouthuysen method or by the pro- 
cedure of expressing the small components of the spinor mo mot nm 3 
ee . . ) 
y in terms of its large components In Sec. 2, the differ I m , 
) ) i 1 i 
. i Zii 7s 
ences between these methods are brought out in a ites 
Be iain TT ee 
LISCUSSIOI < amu 0 *DOGCY eCXi pie wWhk we . } l 
dl us ion ot a tar ir ¢ Teh xampue l If the Foldv-Wouthuvsen transformation is applied 
shall have occasion to refer to later is the limiting case of 1 : 
: ‘ to Eq i), one obtains 
a two-body problem. 
In Sec. 3, we « ompare the Hermitian part of a three- { Bp é Bp we 
dimensional] Bethe-Salpeter eq 1ation with the corre- H'y ,om- T é(r 
. . : | on Q ons ) 
sponding Breit equation by applying the two-body , r om m 
transformation of to be 
ransiormation ol I I , r r ' 
. { nd 5S the Rreit inte t en tu Lap! 4 
In Secs. 4 and 5, the Brei ite ween two gv Xp—px iv, ’ 
fermions of charge e and er is to include Rom r r’ } 
intrinsic magnetic moment and virtual annihilation 
terms. The resulting equations are converted to the Where H’ is obviously Hermitian and y’ is still a four 
Pauli representation by m« ‘f the two-body trans- Component spinor. This equation may be separated into 
formation. It is then a simple matter to calculate the two two component equations relerring to positive and 
contributior if the tr ' ry ‘ o th . . 
n I ] ot e 1 one mome ) ‘ \raste I. One-body relativistic energ wel coveactio Ea 2 
f fine and hyperfine str re Oo roge nd posi 
tronium ’ 


2. THE HYDROGEN ATOM: ONE-BODY TREATMENT 7 " ) 
iF 





, P . n 4 
Essentially the same differences exist between the 
results of the Foldy-Wouthuysen and the “large com . mot 
. . bot 
2n 
* This work w S rt e O S fy 
Res Aj ar I) ( i \ , r ] , 
4 ~p \ 
I t» r f nt J LG+l 
t Or ave of absence f Unive ing c x) 
cademic years 1953-1955 
t Present address: Woodstock College, Woodstock, Maryland met | ae 
Z. V. Chraplyvy, Phys. Rev. 91, 388 and 92, 1310 (1953 Ont OD at at 
*L. L. I and S. A. Wout sen, Phys. Rev. 78, 29 (1950 
Other re t methods exist. See R. A. Ferre thesis 
Pr r I P eton, Ne lerse 1951 hed * Units ar sen so that A l 
l j 
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negative energy states respectively by 
of +1 or ] 


juation for the electron in positive energy st: 


the simple pre- 
scription | 


repla ing p by 
eC 





the Schrédinger equation for the hydrogen atom plus 
relativistic correction terms whose contribution to the 
energy may be re: ulated by perturbation 
theory The three energ eve orrections 
given in Table I combine to give the ma‘ term in the 
expansion of the Sommerfeld fine structure formula, 


If, on the other hand, one uses the irge component 
method® to reduce Eq 1 one obt s 
t ; ty* " 
j p é p We lé r 
> ) r +> p 
2m 7 Sm ” tm? 7 
é r é r x 
4 a X<p-+ a-V* x ; j 
tn r +" r at 
Clearly the “Hamiltonian” operating on the two large 
components x is not Hermitian. Comparing Ex 4) and 
3) for positive energy states we find that the kinet 
energy relativistic correction and spin-orbit terms ap 
pear in bot} but istead of one term tle g the 
states there are now ». However, s ¢ 


we 


é r we Whoa 
é(r)+ ») ( ir ) 
bor or an 


m ) 
Vv nere | lenote e expect q e ol | ve Set 
that the reiat ergy lieve rre msa | 
give exactly the ma‘ term | ) 
Ki y I ke I l | é 
, 
In the two-body problem, there is no exact solutior 
' . 

available by which to eck approximate solutions. One 
. il o ry ne ‘ re | riy 
9 yuld iva 1 CX) ) t t “1S ve 
the Same result lor the energy ieveis. (sive i ICE 
however, certainly the method w eads to a Herm) 
tian Hamiltonian is re satisfactor 


In I, Chraplyvy has sho that a two-body Har 
tonian written in the torm 

H i” 5" * pp re > ( &¢ ¢ ( 

r r ‘ } y 

where | o« oe ¢ ( i C4 represel eve eve 
even-odd, odd-eve und odd-odd terms, may be trans 
formed ) even-even operator 

‘WA. Barkera Z. V. Chrapiyvy, Pt } 89. 440 IDS 
See also E. U. ¢ mand G. H.S tle l {liom 
Spectra (Ca rhige | i Press, Ne \ a5 

* See, for example, E. L. Hi i t La s Revs. Mo 
Phys. 10, 87 (1938 

See I, Eg 7 The a il si 7 ‘ | 4 ! 
Os a j &¢ € s c 
desired accuracy in a f the ASes at this paper 


accuracy. 


HArre=S'm4+8' m+ (66)+ (O&)? 
2my 
pu pi a 
r \2\4 2 0)\4 
T OC - Voy — Ot 
2m Sm,° 8my3 
| 
rr ‘ A -_ 
7" | Vo oo Uo 
Smy* 
1 
r La C£ 1 (L£a\ 
7 OC OO) } OC 
Smiy1" 
5*p* 
T O¢ c é U) 
4mm 
Bim, — BY mr 
+. 0 0)*+- i) 
2(m?— my" 
If (&&), (&€ ©&), and (0) are Hermitian, it is 


evident that Hre is Hermitian 


Che Hermitian part of the three-dimensional Bethe- 


Salpeter equation’ written in coordinate space is 


HV (r Hy+ Auth {AAU —ATA") U(r) |) 


Xx¥ir)=EV(r), (8) 
vhere 
H,=6'm+ea':p, Hy =8"' my—ea''-p, 
Ey z Hy } {= Hy 
A! Ay 
2k; 2E 
9) 
Ey +( m+ p } } 4 mi p" 3 
€:€ @! a : a’-T)\a@ r 
Up(r 1- 
r ) ry 


ace the Casimir proje 


y I, 


tion 


operators in the 
e well-known 


rackets in Eq 8) b we obtain th 


| 
1" ; 
HW (r)= 4 8'm +a! -p+ 8" my—a'!-p 
1 ' 
€1€11 e-< a’-Tj\a r) ] 
} i- 
r 2 2r } 


&S eren/’, O€ a'-p & ¢ a’! +p, 11) 
ind 
€r€r] a! a! a! ria r 
V4 T 
r 2 yr 


In 


evaluate 


6 


anticommutator, retaining only those 


order to write Eq. (8) in the form of Eq. we 


the 
terms in the expansion which contribute to the desired 
The result is 


*E. E. Salpeter, Phys. Rev. 87, 328 (1952 








RELATIVISTIC TWO 
€1€11 ans fi Bt 1 
(8&8) =——(a'+") — +— ig’, (12a) 
2r 8 \m? my rd, 
1 1 
(08)=e!-pteaen —+ 
4m, Sm} 
1 1€1€1] , 1 ere! 
X] a! -p, + ae! Xo'!-} p, —]+ 
ae Sm r Smyy 
r(a'-r) 
XI1P', 
r 
1é; EI r(a'-r) 
~ o'!-) px, , (12b) 
Sm r 
1 1 1 
(&0)=—an: p— «een - a’! -p, 
tony, Sony r 
1€1€11 1 
- «'! Xo'-| p, 
Smy r 
€r€ll r al! r) 
_ p i 
Sm rs 
LET EL] r(a’! r) 
— o-|pxX, 12c) 
Sm, r 


Here 


[A-, B],=A-B+B-A and [Ax, B],=AXB+BxXaA. 


> 


The elimination of a leading (© ©) term’ is a consequence 
of 

[Bi ea! |. =[6" a! ],=0. (13) 
The (©0) terms in the Breit interaction, U,(r), are 
changed into (§0) and (0&) terms respectively when 
acted on by a'-p and a@"'-p in (8). Expressions (11) and 
(12) are manifestly Hermitian. 

We may now apply the prescription (7) and transform 
the Hamiltonians in (8) and (10) into even-even opera- 
tors. Neglecting contributions of order ma® and higher 
the result for (8) is 


‘ 


B'p g! I p B' p' Bll ps 
Arr } ” ~ 


8'm,+8Umy4 


2m, 2m, Sm 8m" 


€1€11 _ werenyd r) 


1 1 - 
x +- — (6*+8**) 
(— ~y, Rr? 
g aus 
x( + ) (rXp)+(6'+,") 
m? mr 4mymy 


1 (: 
og - 
io r 


eet io" a! 3(e'-r)(e"!-r) 


1 
4 ») p- o'+¢@'!) (rxp)| 


r 





Smymr r r® 


or 
- —g! oa) |+-— (14) 
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"© There are (© ©) terms which contribute to higher order. 
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On the other hand, one obtains the following trans- 


formed Hamiltonian” from the Breit equation (10): 


Bip? Blip? glpt gilys 
(Arr) =8'm +8" m+ + - he 
2my Semi 


2m; Sm? 


erent 


€erén1 sep €110(4) 1 1 
4 - 4. 
r 2 me my? 4r3 


o} WIT B'BM er ery 
x(- + ) (xo) 


my? my" 2mm 
(1 r 1 
x p+e( »)-p- (o'+o'')- (rXp) 
ly T r’ 


B18" ere (oro! 3(e'-r)(o" +r) 


1 
4mymy | rs r 
Sar B'm, — 8B" my 
a o''8(r) + every? 

3 2(m,?— my;*) 
3 o'-¢@" (¢'-r)(o"! "| 

x _ ——- + (15) 
2r° r 2r* 


The spinor on which Hr operates in (14) and (15) 
has 16 components. We may separate out two four 
component wave equations in which both particles are 
in positive or negative energy states by setting 8' ="! 

=1 or p' =p"! 1 respectively. The other two possi 
bilities corresponding to @! B=+1, yield four 
component wave equations in which one particle is in a 
positive energy state and the other is in a negative 
energy state 

Several differences between (14) 
emphasized : 

a) The ée terms in 


and (15) should be 
15) responsible for the disagree 
ment between the predicted and observed values of the 
fine structure of helium" are not present in (14). These 
terms in (15 (OO)? term in (7). There 
12) asa result of the fundamental 
anticommutation relations 
appear in (14). 
b) When both particles are in negative energy states 
B'=6''=—1) all the terms in Eq. (14) are equal in 
magnitude but opposite in sign to the terms obtained 
when both particles are in positive energy states 
(6' ="! =1). If one particle is in a positive energy state 
and the other in a negative energy state, all interaction 
terms in (14) vanish. The same behavior is 
exhibited by Eq. (15). 

(c) In particular when e¢);= —e*, there are bound 
negative energy states in the case of Eq. (14), but there 
are no bound negative energy states in the case of 
Eq. (15). 


come from the 
are no (©@) terms in 


13) and hence no ée terms 


not 


There is one incorrect numerical factor and several misprints 
in I, Eq. (8), which have been rectified in Eq. (15). See Appendix A 
for Errata to I and II 

™ See G. Breit, Phys. Rev. 36, 383 (1930) and 39, 616 (1932). 
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d) If the mass of one of the particles is assumed tobe Applying the same procedure as before, we find that 
so large that it becomes an immovable supplier of field Eq. (14) is augmented by terms of precisely the same 
for the other particle, i.e. my or my = en Eq form as terms already appearing in it equation; 
15) goes over into Eq. (3). The Breit equa 10 namely 
fro 15) is ed goes over e Dir o +8 Qu: 2un 
equation (1) if we le e VE rator (@' ore Hrm)1 weyeq1O( 4 T 
i 4 my ml 
the r vabie art f ) ZeT | eC r r 
i 14 * r 3 ' . 1 9 - 
CSS ao ? st + ) . c 5°-+5 Luio" £ui1c 
j 1 €1 €] T rx p 
All of the differe es be et 14 1 (1 e due oo” m my / 
the prese r f e ( ur proj eT S '. 
andl of , 1 } for } ” : m : 
4 4 | 1 ere f ” eSé ele yyo'+yr0 rX<p 
‘ ) »~T> ec f Lorn r 
ey were derive Eq ~ Sa spe ed 
fort f e Bethe-Salpeter « erived fr yle a** ere 
; 11) ac vi Mir tei 
eo! The Bre 1 ( Soy 
t ‘ ft r rT t rey 
The ¢ r 1 ¢ fi oo Se-rig r 
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Taste III. Lamb shift contributions from W,, Eq. (21 
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i p r ‘pt the intrinsic electron and proton magnetic moments to 
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”» r ” r mi ; } 
2mM 2mM f the Lamb shift. The last term of W arising as a result of 
2 = writing W in terms of uw, makes a very small contribution 
r), (20 togthe Lamb shift. The expectation values of these 
: 1 i 
SmM? mM operators as well as the numerical values for the 22S 
2°P,, and 2*P, states of hydrogen are given in Table II] 
Te we fi r “> 
, : In a review paper’® on the Lamb shift, Salpeter 
{ u(r uy10(r)+ ue xp ; 
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intrinsic magnetic moment (~a/2z) for an infinitely 
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tions in Table II * E. E. Salpeter, Pt Rev. 89, 92 (1953 
' ‘RK. Karplus and N. M. Kroll, Phys. Rev. 77, 536 (1950 
iH ua’ /SmMn 23 *® Triebwasser, Dayhoff, and Lamb, Phys. Rev. 89, 98 (1953 
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terms which depend on the nuclear spin operator 
i=o@"!/2. Because of the tensor interaction, / is not a 
good quantum number. We restrict our attention, how- 
ever, to the S and P states. Since there are no matrix 
elements of W, connecting these two states, we may 
consider the diagonal! elements for a given / 

S states.—The expectation value of W, for the S 
states is given simply by 


£Ta 
— 
WW 1+ I 1+ p1)‘e' @**o\T)), 24) 
‘ a 
3mM 
which leads to the S state hyperfine splitting, 
S ua’ 
AW's 1+) (1+ 25 
3mMn 
This is in agreement with Lamb,'? but does not, of 
course, take into consideration a number of effects 


treated in quantum ele trodynamic calculations. 
P states It 


e'/2andl=rXp 


is convenient to write W, for 10 in 


terms of 1, $ 


¢ 1 y3i rs-r 
} 
{ 


r 


Mit 1+2yur1)-1-1 26 
mM r 2M? r 
Equation (26) is of the same form as the hyperfine 
energy operator for /#0 as treated in Bethe’s Handbuch 
Lamb,.”’? but it in 


¢ 
It is 


ne expectation va 


article” and recently reviewed by 
thereiore, a 


ie of W, 


cludes additional small contributions 


simple matter to determine t 


for the P, an 


Py: (Ws } 


\/9 ) 
T Zi\f 1 y ai 
IM 
pa’ 1+ yy l+yuu l+yi 
P,: Ws, T 
1897 | 5SmM mM 
1+ Qui 
2f(f+1)—9), (28 


2M* } 


where f=i+j. The P, and Py state hyperfine splittings 
R. Arnowitt 


1953 
calculation on tt 


Phys. Rev. 92, 1002 

he hyperfine splitting of the. 
earlier calculations by R. Karplus and A. Kleir 
(1952 -N M Kroll and I Po KK Phys Rev 


86. 876 (1952) and 


‘ . 7 
E. I Salpeter and W. A. New Phys. Rev. 8/ 

have been used together with the experimentai value, known to 4 
accuracy of +0. 0003 Mc /sec, to calculate precision values of the 


fine structure constant 
® Reference 12 Pp 386. 


AND F. N. 





GLOVER 


are 
4yutat | m(1 +-Qyry ) | 
(1+-yu)(2+y1)+ 


AWr,=- 
On®M m | 2M 


3 


= 59.096 Mc/sec for n=2, (29) 
and 
4y%a4 1+yi1)(4—p1)  m(1+2pn) | 
AV ry ; T | 
On?Mm| 5 2M 
23.626 Mc/sec for n=2. (30) 


These results are to be compared with earlier theoretical 
expressions given by Lamb”: 


Sua* 
AW ry itn 
OmMn 
31 
16 p'’a‘ 
AWry i+en 


45 mM n 


rhe 


increases the 


he leading terms in (29) and (30). 
electron’s magnet 
hyperfine splitting of the 2*7; and 2°? states by +0.034 
Mc/sec and —0.007 Mc/sec respectively. The Dirac and 
2nd term in 
increase the 


which are t 


intrinsi moment 


intrinsic magnetic moment of the proton 
curly brackets in Eqs. (29 
hyperfine splitting of both P states by 0.013 Mc/sec. 


Corrections of this order should 


and (30 


now be « onsidered, 





ys are now known 
and more pre 


inasmuch as 2P-state hyperfine splitti 


experimentally to within 0.20 Mc/se 


cise results are to be expec ted. 


5. POSITRONIUM 


Again we consider a wave equation of the form of 


Eq. (8) with the Breit interaction amplified to include 


the first-order single quantum virtual annihilation ex- 


change interaction,” l 4(F.rF) aS well as the intrinsk 


magnetic moment terms Eq. (16a). For positronium 


m= my = M3 w=" ~a/ 27, and 


w 
tho 


Ualr,r’ ~ (xe?/m?) (y ;c)b(r)6(r’) (cy 


The pair creation matrices y,c and the pair annihilation 


matrices cy, are defined by the relation: 


7 s ' 7 a a ' 
¥ (0) (CVA = Vex (V0) KC Ys) Keer’, 
Lao 
(33) 
k, K=1, 2, 3,4 
with P=yY*yo; C= Yov2=C"'; ¥;=Ba;; yo= B. Clearly Us 


is even-even 

3 Reference 17, Sec. 56, and W. E. Lamb, Jr., and R. ¢ 
ford, Phys. Rev. 79, 549 (1950 
* R. Karplus and A. Klein, Phys. Rev. 87, 848 


(3.5) and (5.3 











RELATIVISTIC TWO 

In I, Chraplyvy has shown that for m;= m1, there is 
no finite transformation which will convert a two-body 
Hamiltonian containing (00) terms into an 
operator. We may still use Eq. (7) for positronium, 
however, since the Casimir projection operators elimi- 
nate (©) terms to the order considered. [See Eq. (12). ] 
If we amplify the Breit equation (10) rather than 
Eq. (8) by Ua(r,r’), we must apply the more general 
prescriptions of II. In either case we obtain the same 
result for both particles in positive energy states (apart 
from the e* terms discussed in Sec. 2). 

Separating out the four-component wave equation for 
both particles in positive energy states allows us to 


(&&) 


write the energy corresponding to the interaction (32) in 
two equivalent ways: 


V 4 = (re? /m*)P* (0) wef (os) vulos)u ws tbu bu’ wv 
+ (oi)uuloiuw WO) wu 
(34) 
= (re*/m®)* (0) ww {Fb uw duc 


+ boyy ouu WO) we 


where u, U=1, 2. In the second form of Eq. (34), the 
Pauli matrices refer to the individual particles I, LI. 
Hence we may say that in the Pauli representation, the 
virtual annihilation exchange interaction is given by 


re’ 


ws 


$+ 4e!-o'')d(r). (3 
m* 


Us )RED 


In the case of positronium (unlike hydrogen), the 
hyperfine and fine structure splittings are of the same 
order of magnitude and / is a good quantum number in 
spite of the tensor interaction.” Therefore, we regroup 
the various terms contributing to the positronium 
binding energy V=Hrep—2m in a slightly different 
way than was done for hydrogen. Let 


V=VotVitVit Vist Vs, 36) 
where 
Vo=p?/m—e/r (37) 
p' Sre’ cr é r 
V;=- 6(r)— r “p)-p, (38) 
4m? 2m 2m*r 2m’ \r* 
362 
J S-], where S=}(oe'+e"), (39) 
2m’ 
( 2xe’ rod 
Vs=a1) 8(r)+—S 1 (40) 
Lom mr j 
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e e'-¢! 3(e'-r)(e"-r) 
v= 1+41)? _ 
4m? r® 
Sqr re 
~ o-o''(r)|4 o'-g'5(r). (41) 
3 2m? 


We now write the contributions of V,, V2, V3, and V, 
to the energy levels, determined, as in the case of 
hydrogen, by treating them as perturbations on the 
Balmer energy levels (Vo)= — ma?*/4n’. 

V;, which includes a part of the virtual annihilation 
exchange interaction, consists of kinetic energy and 
orbital terms. It is spin-independent and hence con- 
tributes equally to the singlet and triplet states. 


4 


limat 7ma‘ ma 


(Vy (42) 


= bo1— . 
64n* = 16 4n3(1+-4) 


The spin-orbit interaction Vz depends on the total 
spin S. It does not contribute to either the singlet or S$ 


states. 
3mat 
V: (1—5o,) 
16n51 (1+ 4) (1+-1) 
(l, j=l+1 
x4-1, g=uz| (43) 
l+1), j=(l—1) 


V3 gives the contribution of the intrinsic magnetic 
moments of the electron and positron to the Lamb shift. 
Using MI=MII~a 2dr, we get 


mae ma®(1—8o;) 


(V3 doi+ 


8xn* 16mn'l(1+-4) (14-1) 


j=l (44) 
l+1), j=(l-1) 


All spin-spin interactions are given by V4. The 4(r) 


terms affect only the S states 


ira tor 
1+ )ras ~3)é(r)) 
6m ix 


i 
) for 'S» states 
l6n* - 


4 Ac 
(1 
7 
7 mat 4a 
(: + ) for *S, states. 
Tx 


48 n' 


V ) 10 


~ 
ima 


(45) 


The remaining terms for /#0 are zero for the singlet 





ulation are those arising from the intrinsic magneti 
id positron. Recently Fulton 
and Martin”? have calculated all the corrections of 
order a® to the n=2 energy levels of positronium using 
1 quantum electrodynamic method. It is possible to 
identify** the intrinsic magnetic moment contribution in 


heir final expressions. These are found to agree with the 


al 


moments of the electron ar 
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of coupled fields as some of the particles become very heavy is investigated. By 
expressing the relevant exact Green’s functions as functional integrals, the limiting 
performed for bare one-particle propagators to get the result for the exact functions. It 
nt propagators are those for the remaining finite masses moving in external fields 
particles acting as static point sources. The situation in which the coupling to the 


simple nonrelativistic limit is also discussed 


and in the presence of an external, prescribed field ¢, 


HE behavior of a coupled system of fields as some 1 
of the particle masses are taken much greater G,'(x,x'; $) G,(x,x’; 2) 
than the others is always supposed to approach in such 


a limit that of a reduced system, in which the heavy 
. . » . ‘ 1: / i ti 
particles act as static sources of the fields to which they exp] — si f +22) (vy) A, (y,¥’) 


are coupled. It is the purpose of this note to supply a 
proof of this adiabatic limiting assumption. 


By use of a technique expressing the relevant propa 


gation functions as functional integrals, the desired 


limiting process need only be performed in one simple 
\ [ exp 


part of the exact expressions, to include all radiative 


corrections and interactions, at once. 
hall f se Se + } I; 
We shall, for simplicity, consider the coupling of : 
I , bite where A, is the Green’s function for the boson field 


several fermions via a boson field (of zero or finite mass bh: 
which may have finite or zero mass 


and with various (scalar, vector, etc.) couplings. Since . f 
, i ; wr, et " G, satishes the equation of a bare particle in an 
the limit considered is essentially one in which the external field Q: 


heavy particle becomes nonrelativistic, couplings which 
have no simple behavior in this limit [such as yp+m+ gl Q)G 
ps(ps)] present difficulties whict discussed 
f t . ne _ } : ‘ , 2) 
all I’ represents the various elementary couplings, and 2 
separately - 
; may be a vector, pseudoscalar, etc. 

It may also be proved that in general, the exact n 


fermion, r-boson Green’s function is in this approxi 
lhe technique to be employed is one which stems both mation‘: 
from Feynman’s formulation as path integrals,’ and 


Schwinger’s functional ‘rivative equations’ for the 


unctional integrals over all possible prescribed external 


propagators in field th and expresses them as 
fi 
boson field distributions 

We shall not here derive the bask expressions lor 
Green’s functions, since an independent derivation for Xexp| —4i $+2)4,—-'(@+-2) (dy) (dy’) [6Q, 3) 


the case neglecting vacuum polarization effects) has 


already been published.’ Concerning ourselves rst win suitably antisymmetrized in the fermion variables. 
this approximate case, we may write for the Green's hus. all effects of interaction and radiative corrections 
function for one fermion interacting with a boson field are taken care of in the sum over possible distributions 

of virtual quanta (as represented by the external field 
(2), weighted by exponential], the action integral for the 


boson field. 
B. | Equation (3) for r=0 follows directly from the 
P. Feynman, Phys. R 440 (1950); 84, 108 (1951 functional differential equations for G,, for example, as 

2 J. Schwinger ‘atl S. 37, 452 (1951 
1S F. Edw nd R. E. Peierls, Proc. Roy. Soc. (Lo 
4224, 24 (1954 


cS 


nde ‘Inner products are always understood between the vectors | 
nd Q, and with the tensor 4™ 
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given in reference 2. That is, just as the result (1) arose 
from the formal! integration of the equation 


[ypt+m+ eI ((¢)—6/6J) G,’=1, (4) 
integration of the analogous one for m fermions, 


[yiptm+el (4) —§ 5S) ):G.' (x: ** Zaks °° * Sq ) 


ral 


Go_1' (2° ++ Xn X20 * Xn), 


yields the desired result. Remembering that to include r 
mesons,® one must apply the operator 6/6/=A,6/5¢ r 
times to G,, o, the result follows for that case as well. 

Perturbation theory emerges immediately if one in- 
serts the Born approximation series for the G,’s, and 
integrates the resultant expressions formally. 

The value of the formulation, just given for our 
purpose is apparent. The mass parameters appear only 
in the G,’s, that is, bare particle Green’s functions 
There a limit such as m—+~ may be taken very easily. 
To illustrate the general proof, consider the two-body 


problem,* 


Gy i2(01%9,%) 


Let us suppose m2 very large; then G, X2,%2' 32 


rs! (yp+ met gI'Q)™| x2’) can be given explicitly for 
couplings with nonrelativistic limit (T=1,+y,). The 
solution of the limiting equation, 

— g2)G,=1, (7) 


p Me 


x exp 


absorbing the phase factor 


Setting this into Eq. (6), 
‘\] definition of Giy2, and 


exp[_ — ime(t2— te into the 


*S Deser and P. ¢ 

* G, can also be written symbolically as an orderec { 
integral, Gg= fds exp s(yp+-m+gFQ)}, and so G,12 could be 
represented as a double integral of this sort ; however, this does not 
make solution any simpler 


Martin, Phys. Rev. 96, 1075 (1953 


i proper-time 








DESER 


letting the source times get very large, 


Gir expl fig? V (0) (t2—t2’) J(1 ») f¢. (x1,2y'; Q) 


xexp| ~ bi [[212) +4 ¥(Dr—P) IA, 


(9) 
- a’ 
XK [Q(x’)+2V (r')5(1')8(r’ —12) |(dx) (dx’) jee, 


VY (r)=e°""/r or 1/r. 

The exp[ 4ig*¥ (0) (t2—t,') ] factor outside represents 
the well-known self-energy of a static source, and is also 
an irrelevant phase factor; comparing this expression 
with Eq. (1), we see that particle 1 moves in an effective 
static external field ¢= Y(r—r-2), or otherwise stated, it 
propagates in a region with a static point source (cur- 
rent) located at re. This proof is of course the same for 
G,,, in the limit as any of the m particles become heavy 
and are therefore representable as fixed 6-function cur- 
rents. In particular, had we taken in our illustration m, 
going to infinlty as well, we would have obtained the old 
result for the energy of a system of two fixed sources 
exchanging bosons. In this trivial limit, the functional 
integration is immediately performed. The energy con- 
sists of a self term }g*¥ (0) for each particle, and an 
interaction term gig2¥ (7;—72). 

The cases discussed in the foregoing were of a 
type for which the coupling approached a definite non- 
relativistic limit. In the case of ys or ysy, coupling the 
situation is more complicated. At first glance, the heavy 
particle no longer interacts with the field in the limit, 
since a large component reduction of ys or ysy, brings 
a 1/mz factor into the coupling, and the equation for 
G, reduces to the form 


o:V 
(s.—m—¢ Q 


m 


G,=1. (10) 


\ new coupling constant f=g/m2 may be defined, of 
course, and if taken finite in the limit, the usual gradient 
coupling arises, so that the heavy nucleon acts as a 
source of the form’ @#-Vé(r2), in the weak coupling 
approximation, where noncommutativity of the o’s is 
neglected. 

However, the equation*® 


po—m—grv@)G,=1 (11) 


he singularity of the potential obtained, is, of course, due to 
the passage to the state limit. Inclusion of recoil reduces the 
singularity; see for example, L. Van Hove, Phys. Rev. 75, 1519 
1949 
* An alternate procedure is to perform a Foldy transformation on 
Eq. (11), and then do the functional integrals. 
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may be solved directly, and since y;?= —1, we have 


G, = —18(r—r2)0(te—12’) 


Xexp —im( tet) ig f Mra) 


(12) 
= —15(r—12)0(to—ts") exp[ —im(te—te’) ] 


x{ cost fears sini f 0 ‘ 


and the first part remains in the limit to act as effective 
source of a field resembling the scalar one.® The cosi f gQ 
term may be rewritten as }[exp(g/2)+exp(—g/fQ) ]. 
The first part alone is the scalar result, while the second 
half, which will in general also contribute, represents a 
source at the same point, but with opposite charge. 
Thus, the propagator for the remaining particles is a 
superposition of two such terms. If we consider the 
special case of the G,’ of particle 2 by itself, then, since 
the boson action is even, the two terms have the same 
integral, and all the results are as in the scalar case. 
This is not surprising, since the field effects can only 
enter in even powers in the nucleon propagator, and 
since only the self-field exists, ¢,? and (iys¢,,) are of 
course identical. In the many-particle Green function, 
however, there are other meson field sources around; 
while the above remarks still hold for those effects which 
are even as well in the other 22’s, it is no longer the case 
when odd terms from other particles enter. Then the 
parity counts and the superposition results. 


ITI. 


We turn now to the complete problem, including 
closed loops. In this case, the action function of the 
boson field is not so simple; the A,’ is itself a functional 
of 2, and in fact satisfies equations: 

6 

(k?+-p*)A,’=1+ig—tr(> 'G,,/’), (13) 

6] 
the sum extending over the various fermion fields. It is 
to be expected that our results still remain, since the 
heavy particles become more and more difficult ener 
getically to create and therefore their closed loops will 
not appear. In fact, since, as we have seen, the limiting 
behavior for G,[@] is one in which negative-energy 
states vanish, there can be no heavy pair creation. 


* Similar results have been obtained previously by J. V. Lepore, 
Phys. Rev. 87, 209 (1952) 
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Thus, in the limit as m—> , the vacuum polarization 
effects due to the heavy particles disappear and they 
merely act once again as static point sources of the field. 
However, the field thus generated is no longer the simple 
Y, but one modified by the vacuum polarization of the 
finite-mass particles, that is, ¢(x)= /..” A,’ (*—2x2)dls, 
where A,’ satisfies Eq. (13), but omitting the effect of 
the heavy field. Of course, the complete problem with 
closed loops can only be stated implicitly in closed form ; 
that is, while an expression for G, can be written down, 
it is purely formal, being actually a transcendental 
functional integral equation rather than the much 
simpler Eq. (1). 

Thus, we may still write 


G,'(0]= frac. exp| —1i faracay) (ay) (14) 


T itself depends on G, and is defined through 


exp] — bi fa7a(@))(ay) 
a 
= fe exe i f 1904s) tif A,-'[¢’ We" | (15) 


and @=f/ A,[J’]éJ’, which reduces to the usual 
result when A, is independent of ¢. 

In this form, the parameter m enters in a fashion 
which precludes any proof as to the limiting behavior of 
G,'. However, as was stated above, it is evident that 
there can be no vacuum polarization of the heavy field, 
since it loses its negative-energy components.” Alter- 
natively, had we written the vacuum polarization con- 
tribution in the form G,’[0]= /60G,(Q) exp —}i 
xX fNA,—2(dy) (dy’) —iL'(Q))] where exp[—iL’(Q)] is 
the contribution from closed loops, and used the formal 
Fredholm series result, say, for exp[ —il’], we would 
have observed that each term vanishes due to the 6(#) 
factor in the G,[0] to be inserted in the series. 6(/), of 
course, just states that negative energy states have been 
dropped. 

I wish to thank Dr. Robert Oppenheimer and the 
Institute for Advanced Study for their hospitality, and 
Dr. R. L. Arnowitt for interesting conversations. 


” Had the yo been kept in Eq. (11), negative energy states 
would have entered, but the equation could not then be solved 
However, with “‘relativistic” couplings, the question whether one 
or another reduction is the more accurate only has meaning with 
reference to the full recoil solution 
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The other correspondences given in column 4 are not 
postulated; they will follow [with respect to interac- 
charges Q, and relation Q(J;) ] from the math- 
ematical formulation. 
Along with Lorentz invariance, the invariance with 
to rotations and reflections in isotopic space 
will be postulated for strong interactions. The most 
general Lagrangian that follows from these assumptions 
is easily constructed. For the interaction part, terms like 


Vava*y 4, Yoea** ry 4; 


ippear, together with others of the same general form 
which for the sake of brevity will not be written. 
Let us define the operator 


ions, 


tr 
i 


respect 


/ 
Vote’ T2¢¥a, °° 


. 
=f atta 

—i(msa’ gs —ma*7 o4*) 1) 
It can be verified that U commutes with the total 


ae 2s 


therefore a constant of the motion. On the other hand 


Hamiltonian containing the fields of Table is 


the conservation of fermions is respected and, of 
course, 7? and J; are constants. The latter can be 
written 
27,=n(A)—n(A)—n(A')+n(A')+n(B 
n(B)—n(B’)+n(B’)+2[ n(b)— n(b)—n (0 
n(b’) |+-n(A)—n(A)—n(A’)+n(d’ 
nb nd" 2) 
here A and A’ refer to different charge states of the 
ucleon, et and the bars refer to the antiparticles; 
while 
U=n(A)—n(A)+n(A n(A‘)—n(B)+n(B 
n( B’)+-n(B')+n(A)—n(A)+n(d’)—n(A 
One sees that the constant [34 A is, for known 


), equal to the charge 
O and can thus be considered as a general definition of 
this quantity.® The eigenvalues of U give therefore the 
desired relation between charge and /;. In particular, 
Q=I,+4 for one quantum of the 4 or ¢a fields, while 
Q=T, for ¥a, Wo, and gs; and finally O=/; 
field quanta. The correspondence given in Table I, 
column 4 between the field families ¥4, wg, etc., and 
the observed particles N, =, etc., is therefore justified 
as far as charge is concerned. On the other hand, it can 
be verified that the postulate of complete invariance 
leads to an interaction Lagrangian which allows only 
the virtual processes given by the Gell-Mann rules 
The equivalence is therefore complete. 

\ fact which is perhaps of some significance is that, in 
a straightforward generalization of the ordinary 
= field appears as a spinor of the second 


particles (nucleons and # mesons 


i for Ve 


oe 


e 


Suc 


formalism, the 


kind in isotopic space when the nucleon field is taken 
1s a spinor of the first kind. As a practical rule, one 
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may point out that instead of the conservation of (V 
and /; one may of course use the conservation of 
and U. Possible reactions (including electromagnetic) 
will therefore be obtained by requiring (a) the usual 
conservation of fermions, (b) the conservation of 
charge, (c) the use of the following rule: denote by 
“isofermions” the nucleons, the 6, and the anti-Z, and 
by “anti-isofermions’” the antinucleons, the anti- 
(charge conjugated), and the Z; then the number of 
isofermions minus the of anti-isofermions must 
be conserved 


number 


1M. Gell-Mann and A. Pais. Proceedings of the Glasgow 
Conference on Nuclear and Meson Physics, 1954 (to be published), 


p. 342. See also A. Pais, Phys. Rev. 86, 663 (1952); Physica 19, 
869 (1953); Progr. Theoret. Phys. (Japan) 10, 457 (1953 
Proc. Natl. Acad. Sci. U. S. 40, 484, 835 (1954 

M. Gell-Mann, Phys. Rev. 92, 833 (1953 

T. Nakano and K Nishijima, Prog. Theoret. Phys Japan 
10, 581 (1953 


*E. Cartan, Legons sur la théorie des spineurs (Hermann & Cie, 


Paris, 1938), Vol. I, especially Chap. III 








’ Other choices of fields also leading to a constant LU’ are possible 
they gis same physical results. (1) is obtained from the 
invarian the total Lagrangian with respect to the transforma 
uuon ya—wvae’*, Ya-vae **, ga eae" 

® Some considerations on the total Lagrangian show that this 
assumption is indeed the most natural one 

* 
Bevatron K-Mesons 
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AND MARIAN N. WHITEHEAD 
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O facilitate the search for A-mesons from the 


r.K. and D.HLS. 


spectrometer 


Bevatron, two of us (L have 


suggested the of a strong-focusing 


(Fig. 1),! 


lens? followed by an analyzing 


use 


consisting of a magnetic quadrupole focusing 


magnet. Particles of 


brought to a foc us, 


any desired momentum can be 
forming an image of the target at a point behind the 
analyzing magnet. Emulsion stacks are placed at this 
point. With this arrangement we have found examples 


of four types of heavy mesons first established in 


osmic-ray work.’ Particles of different mass can be 


separated according to their ranges in emulsion. For 
particles of momentum 360 Mev/c, the range of K’s is 
4.6 times the range of the protons, and pions pass 
through the emulsion stack at minimum ionization 

\ stack of 107 Ilford G.5600-u pellicles, 3.5 in. by 
3.5 in., has been exposed so that 114-Mev K-particles 
stopped in the center of the stack. The proper time of 
+} 


flight for such particles from the target to the emulsion 


is about 10-° sec. 

This stack has been scanned in a swath across the 
direction of the meson flux for tracks lying in the 
plane of the emulsion whose ionization is visibly greater 
than minimum. Particles stopping in the stack (beyond 
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the position of the swath) have masses less than 1200 
m,. Particles that go all the way through the stack 
have masses less than 800 m,. 

The tracks are followed until they stop and the 
endings are examined for decays. To date 300 decays 
have been observed. Twenty of these are r+ mesons 
whose unique decay into three charged pions is readily 
identifiable. Among the others, all of which decay into 
one lightly ionizing secondary, only those with a 
secondary that is flat or with an ionization obviously 
higher than minimum have been categorized. Three 
examples have been found of what is assumed to be the 
alternate decay of the # into one charged and two 
neutral pions, with the pion stopping in the emulsion 
stack. Two events decay into low-energy muons (less 
than 55 Mev) and are presumably examples of the « 
or K,3. 

To establish the 
the A 
to stop the long-range secondary or else very accurate 
the 
four 


existence of the K .2(0*,x" or ol 


mesons, either very large emulsions are needed 


p2 


measurements of the multiple scattering and 


ionization must be made. Measurements on 
fortuitously flat secondaries at a distance of 5 cm from 
the decay point revealed that three of the primaries 
were K,,’s and one presumably a A,», as determined 
by the tentative identification of the secondary as a 
high-energy muon. Excellent calibration on grain count 
is available from the x mesons of known energy travers 
ing the same region of the emulsions. From the number 
the 


it is unlikely 


{ 


of K-mesons found here compared to number 


found at about 25 cm from the target, 
that the mean life of any of the A’s seen is less than 


3x10 ’ sec 


In the initial exposure, the momentum resolution as 


determined from the proton ranges allows a mass 
determination to +40 m, on each K-meson. With a 
few exceptions, all particles with lightly ionizing 
secondaries fall within a distribution of this width 
centered about 20 m, below the average for 7 mesons 
plotted separately (Fig. 2). In a subsequent exposure 


has been improved. The 


or the 


the resolution 


scattered points on the high-mass side 


momentum 
main 
distribution may be due to particles that suffered 
| llisions. or scattered off the channe \ 


inelasti ol 
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mesons 


Mass 


( rossed 


distributions: Upper histogram represents r+ 
«juares refer to r’s found nonsystematically. 
Lower histogram is made up of particles decaying into a single 


ondary 


ightly ionizing se 


comparison of the measured r meson mass of (974+6) 
m, with the accepted value’ of 966m, indicates a 
possible systematic error. 

This work was done with the encouragement and 
guidance of Professor Chaim Richman. Most of the 
scanning was performed by Mrs. Beverly Baldridge, 
Miss Irene d’Arche, Mrs. Marilynn Harbert, Mrs. 
Edith Goodwin, and Miss Kathryn Palmer. 

It is with pleasure that we acknowledge the help 
and advice in nuclear emulsion techniques given us by 
Professor Powell’s group at Bristol. The assistance of 
the Bevatron crew, under the direction of Dr. Edward 
J. Lofgren, and their skillful operation of the machine 
are greatly appreciated. 


* This work was performed under the auspices of the U. S 


Atomic Energy Commission. 
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? Courant, Livingston, and Snyder, Phys. Rev. 88, 1190 (1952). 

* Padua Conference, Nuovo cimento 11, Suppl. No. 2 (1954). 

‘ Birge, Kerth, Richman, Stork, and Whetstone, University of 
California Radiation Laboratory Report No. UCRL-2690, 
September, 1954 (unpublished 

+ Proceedings of the 5th Rochester Conference (to be published 
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N a survey of neutron-induced reactions, Paul and 
Clarke! quote a value of 194+ 107 mb as a lower 
limit for the 14.5-Mev (,a) cross section in Zr®, and 
mb for this process in Rh™. Brolley and 
Dickinson* conducted a direct search for the alpha 
particles from these elements using neutrons of about 


634 25 
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14.3 Mev in an attempt to observe any variation in 
barrier height with angle. In this work the valuable 
help of the nuclear plate and Cockcroft-Walton groups 
is gratefully recognized. Their study indicated consider- 
ably smaller cross sections than reported by Paul and 
Clarke. The problem has been re-examined using several 
different methods by A. Armstrong and J. E. Brolley, 
Jr., F. L. Ribe and R. W. Davis, and the present 
authors. In the following Letters the results and the 
compatibility of the several experiments are discussed 
by A. Armstrong and J. E. Brolley, Jr., and F. L. Ribe 
and R. W. Davis. 

We have bombarded various samples of normal 
zirconium metal with neutrons of average energy 14.1 
and 14.9 Mev produced by the Cockcroft-Walton 
machine, Strontium was chemically separated from 
the zirconium and counted with a Na(TI)I crystal 
whose sensitivity was known for the y radiations from 
Sr*7™ and Sr”. Table I presents the results. 

The standard deviations indicated are essentially 
those of counting. The Zr™ cross sections apply to the 
production of the isomer only. The diminution of these 


TABLE I. (m,a) cross section in mb. Neutron energy, E,, in Mev. 


Es 14.1 14.9 


Zr* 3.10.2 


4 3.0+0.2 
Zr* 4.9+0.6 


3.9+0.5 


cross sections with increasing neutron energy may 
possibly be associated with competition from the 
(n,2n) process. These cross-section values fall markedly 
below the trend of cobte/@eaic cited by Paul and Clarke. 
Though all nuclei in these processes have magic 
numbers or near magic numbers of neutrons (50), the 
(na) cross sections of neighboring nuclei are not 
sufficiently well established to discern a correlation 
with neutron number. We are indebted to R. W. Davis 
for invaluable help in the irradiations. 

* Research performed under the auspices of the U. S. Atomic 
Energy Commission 

‘E. B. Paul and R. L. Clarke, Can. J. Phys. 31, 267 (1953). 

? J. E. Brolley and W. C. Dickinson (unpublished 


14-Mev (n,a) and (n,p) Cross Sections 

in Zirconium. II* 
A. H. ARMSTRONG AND J. E. Broey, Jr 

Los Alamos Scientific Laboratory, University of California, 
Los Alamos, New Mexico 
(Received May 2, 1955 

URTHER confirmation of a low value for the 

(m,a) cross section for zirconium bombarded by 

14.1-Mev neutrons has been obtained in still another 

experiment, in which nuclear plates were used as 

detectors of the reaction products. 
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A collimated beam of 14.1-Mev neutrons from the 
H*(d,n)He‘ reaction was incident upon a 4-mil normal 
zirconium target at the center of a nuclear-plate 
camera.! 

Ilford E-1 plates were placed around the periphery 
of the camera floor, with their long axes coinciding 
with radii extending from the center of the base of the 
camera. Two runs were made, one with the target in 
position and the other a background run without the 
target. 

Equivalent areas on run and corresponding back- 
ground plates were analyzed at eight camera positions 
such that the angles made by the reaction particles 
with the direction of the incident neutron beam 
extended from 17.5° to 128°. Measurements were made 
of all tracks longer than 10 microns entering the surface 
of the emulsion in directions consistent with target- 
detector geometry. The tracks were further identified, 
proton or. a-particle tracks. 
Thus data for the (,p) cross section were obtained at 
the same time as those for the (,a) cross section. 

The value obtained for the (n,a) section 
integrated from 17.5° to 128° is 10+10 mb for reaction 
a particles of energy greater than 3 Mev. Since in these 
calculations it is assumed that all the stable isotopes of 
normal zirconium contribute to the observed reaction 
particles, the value given is one-half the upper limit 
for Zr®. 

A preliminary value for the (#,p) cross section 
obtained from this experiment is 180+70 mb, which is 
in fair agreement with that given by Paul and Clarke? 
The energies of essentially all the observed reaction 
protons are below 6 Mev 


from grain density, as 


cTOss 


* Work performed under the auspices of the U. S. Atomic 


Energy Commission 
‘ Allred, Armstrong, and Rosen, Phys. Rev. 91, 90 (1953). 
? E. B. Paul and R. L. Clarke, Can. J. Phys. 31, 267 (1953) 


14-Mev (n,a) Cross Section in 
Zirconium. III* 
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(Received May 2, 1955) 


DIRECT measurement of the yield of alpha 
particles produced by bombarding normal zirco- 


A 


nium with 14.1-Mev neutrons has confirmed the small- 
ness of the Zr® and Zr™ (n,a)-reaction cross sections 
observed by the activation measurements of Brolley 
et al. reported in the first of the preceding letters. 

A one-mil foil of zirconium metal was bombarded 


with monoenergetic neutrons from the H*(d,n)Het* 
reaction, and the alpha particles were detected by 
means of a counter telescope, consisting of two propor- 
tional counters and a NaI(T]) scintillator, described in 
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Fic. 1. Differential cross section for the yield of alpha particles 
of energies greater than six Mev from normal zirconium bombarded 
by 14.1-Mev neutrons. 


detail elsewhere.' The counters were biased to a lower 
limit of ionization energy loss so that alpha particles 
of energies <18 Mev were detected, while protons and 
deuterons of energies >0.8 and 1.6 Mev were excluded. 

At each telescope angle the scintillator pulse-height 
spectrum was observed between alpha-particle energies 
of 6 and 18 Mev. Background was measured by 
exposing a platinum blank to the telescope. The energy 
spectrum at zero and 15 degrees was peaked at its 
upper limit of 17 Mev and decreased to zero at about 10 
Mev. Between 10 and six Mev, no alpha particles were 
observed. At larger angles, up to 115 degrees, yields were 
too low for significant spectrum determinations. 

The measured differential cross section of Fig. 1 
has been fitted somewhat arbitrarily to a cosine function 
whose integral over the forward hemisphere is 7+-2 
millibarns. This is of course a weighted average of 
the (n,a) cross sections of the five stable isotopes of 
zirconium for alpha particles of energies greater than 
six Mev. However, the upper-limit value of the cross 
section for alpha particles of energies as low as three 
Mev found by Armstrong and Brolley® indicates that 
there is no significant contribution to the yield in the 
energy region from three to six Mev. The degree of 
agreement of both of these values with those of Brolley 
et al. for the Zr® and Zr* cross sections precludes a 
large yield of alpha particles below both the 3- and 
6-Mev energy limits such as would be necessary to 
account for the large Zr”(n,a) cross section of 194 
millibarns found by Paul and Clarke. The fact that 
our value is somewhat larger than that of Brolley 
et al. is probably due to the fact that transitions to the 
ground state of Sr*’, as well as to the isomeric state, 
contributed to our yield. In addition, there are contribu- 
tions from the other three isotopes of normal zirconium. 
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A separate search gave no indica 
of a yield of protons oi energies 
five Mev, in agreement wi 


1 Brolley 


Resonances in the Elastic Scattering 
of Protons* 
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HE EDITOR 





300 


CARBON 6=60° 


COUNTS PER UNIT CHARGE 








= aad. a 4 
2! 23 
Mev PROTON ENERGY 


Fic 1 


Resonance in the elastic scattering 


at OO 


protons tron carbor 
not exclude the existence of resonances in these nuclei, 
for resonances which 
200 kev) nor too 
The measured widths are 


for the method is effective only 
are neither too narrow (less than 
3 Mev 
close to the natural widths for they are large compared 
with both the proton energy loss in the targets—400 
kev and 100 kev, for carbon and oxygen, respectively 

about 


broad (more than 


nd the spread in energy of the proton beam 


100 kev 
It is unlikely that the resonances found in carbon 


ind oxygen are size resonances, because they are 
ch sharper than would be expected theoretically 


tal} 


ind because no resonance was found in nitrogen, which 
lies intermediate in atomic weight. Now in carbon 


there is no ymaly in the 
C"(p,pn)C" reaction near 23 Mev. The observed effect, 


cross section’ of the 


therefore, demonstrates, in a narrow energy range, an 
e-emission of the 
1 of a 


single-particle state. It is unlikely, however, that the 


increase in the probability of elastic 
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Irom oxygen i arious angies 


resonance is caused by a State with an independent 


existence at this high excitation energy; it is more 


i 
probable that its characteristics are distributed over 
many levels of the usual kind. 

The author is much indebted to Mr. Robert Watt 
and Lt. Troy Stone for assistance in these measure 
ments; to Dr. R. 


Finke for advice and discussion; to 


for assistance with electronics; 


Mr. 
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William Gantz 
to Professor E. O. Lawrence and the U. S. Atomix 
Energy Commission for the privilege of working at the 
Radiation Laboratory. 
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Systematics of Neutron Capture 
Cross Sections* 
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fission cross section (where fission occurs) for each 
nuclide is plotted against the neutron binding energy.’ 

The correlation is best for the even-even nuclides. 
Odd-even nuclei, forming odd-odd compound nuclei, 
have larger cross sections for a given binding energy 
than even-evens which form even-odd compound nuclei. 
Conversely, even-odd nuclei, which form even-even 
compound nuclei, appear to have smaller cross sections 
than might be expected. The cross sections of Pb”* 
and Bi® are unusually low, which is presumably a 
consequence of their closed-shell configurations. The 
singular position of both Bk*® and Cf might be 
connected in some unexplained way with the minor 
closed shell at 152 neutrons.’ 

To a rough approximation, the thermal! capture cross 
by w= {oe D)X 1100 
1, and D is the level distance in ev in the 


section is given barns? 
where {° 
compound nucleus. For heavy nuclei, Tyaa is always 


110/D. 


For nuclei of comparable type, D, and therefore ow, 


close to 0.1 ev. Very roughly, therefore, ox, 


vill be determined mainly by the excitation of the 
compound nucleus, and hence by the neutron binding 
energy. The separation of different nuclear types in 
Fig. 1 suggests that the level density of the compound 
nucleus decreases in the order odd-odd nuclei > even-odd 
>even-even, which is not unexpected. 
However, the rate of increase of o with binding energy 


E is much greater than expected from a semiempirical 
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level spacing formula of the type 1/D=C exp(2E,/a), 
using reasonable values of the coefficients c and a. 
The cross sections plotted in Fig. 1 are, however, not 
thermal neutron values, but in most cases were meas- 
ured with a reactor neutron energy distribution. 
Corrections for epithermal resonance capture will 
be generally much greater for nuclei with big cross 
sections whose resonances are closer to thermal energies.‘ 
This should increase the slope of the line, but the 
effect is probably not very large. 

There seems to be a tendency for cross sections to 
reach a limiting value of a few thousand barns, regard- 
less of how large the binding energy may be. This 
phenomenon might be due to the level separation D 
becoming equal to, or even less than I'yx4. The problem 
may then be treated by continuum theory, giving 
o=4nkKx*/(k+K)*, K being of the order of 10" 
cm, X and k the wavelength and wave number 
of the neutron, and R the nuclear radius. For reactor 
neutrons, X=10~* to 10-* cm, which gives o ~ 10° to 104 
barns, in reasonable agreement with the experimental 
results. 

It is a pleasure to acknowledge the interest of Glenn 
T. Seaborg, Stanley G. Thompson, and Albert Ghiorso 
in this work. 

* This work was performed under the auspices of the U. S. 
Atomic Energy Commission 
; — Thompson, and Seaborg, J. Inorg. and Nuc. Chem. 1, 

* Ghiorso, Thompson, Higgins, Harvey, and Seaborg, Phys. 
Rev. 95, 293 (1954) 

*J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics 
(John Wiley and Sons, Inc., New York, 1952) 

*D. Bogart, Nucleonics 10, 36 (1952) 


Ratio of Magnetic Moments of Co** 
and Coy 
J. C. Wueattey,*® D. F. Grirrmc, ann R. D. Hite 
Physics, University of Illinois, Urbana, Illinois 
(Received May 6, 1955) 


Department of 


HE method of aligning cobalt nuclei in Tutton 

salts at low temperatures' has been used to make 
a direct determination of the ratio of magnetic moments 
of Co and Co® nuclei in their ground states. Radio- 
active 72-day Co™* and 5.2-year Co™, in microcurie 
amounts, were grown in the same single crystals of 
(20% Cu, 80% Zn) K.(SO,).-6H.O. With a demag- 
netizing field of 10 000 gauss, the crystals were cooled 
from an initial temperature of 1.3°K to a final tempera- 
ture of about 0.03°K. The intensities of the 805-kev 
- y radiation from the Co* decay and of the 1.33-Mev 
y radiation from the Co™ decay were measured 
simultaneously using Nal scintillation counters situated 
at 90° to the alignment axis. The heat input to the 
crystals was estimated to be ~10 erg/min, and 
observations could be taken during warm-up periods of 
about two hours. Least-squares parabolic curves of 
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Taste I. Values of the ratio of the magnetic moments of Co™ 
and Co®, yuco'*/ucot*, for various assumptions of the Co and 
Co® decay schemes. 





50% mixture 
2(81)2(72)0 
2(80)2(72)0 


0.89+0.03 


\.Coss 2(80)2(¥2)0 
Co* 


5(81)4(-y2)2(72)0 


2(81)2(72)0 





1.104:0.03 0.76-40.02 
(1.00-40.17) 


1,060.03 
(1.00+0.17) 


4(81)4(72)2(72)0 0.85+0.03 0.73%0.02 


50% mixture 
4(81)4(y2)2(72)0 
4(80)4(72)2(72)0 


4(80)4(72)2(72)0 


1.11+0.03 0.89+0.03 0.76+0.02 


1.16+0.03 0.80+0.02 


(1.09+0.19) 


0.93+0.03 








the percentage increase of counting rates at 90° ps 
(1/7*)? were fitted to all experimental data. These 
final curves for Co®* and Co® are shown in Fig. 1. 

In our experiment, since the Co** and Co™ nuclei are 
aligned in the same crystals, and therefore experience 
the same internal magnetic fields, the ratio (u/J)ss/ 
(u/I)eo evaluated at any temperature should be a 
constant. This was in fact found to be the case within 
the limits of the experimental errors. This method of 
determination depends neither on the evaluation of 
the ratio of magnetic temperature, 7*, to the thermo- 
dynamic temperature, nor upon the absolute evaluation 
of the internal magnetic field acting on the cobalt 
nuclei. The ratio of the magnetic moments, however, 
can be obtained only by assuming certain definite 
decay schemes of Co** and Co®. 

We assume the ground state of Co to have a spin 
of either 4 or 5,2 and to decay to the 2.50-Mev ex- 
cited state of Ni® according to any of the following 
schemes?: (a) 5(81)4(y2)2(72)0; (b) 4(80)4(y2)2(y2)0; 
(c) a 50% mixture of 4(80)4(y72)2(y72)0 and 
4(81)4(y2)2(y2)0; and (d) 4(81)4(y2)2(y2)0. We as- 
sume the ground state of Co** to hvae a spin of 2,‘ and 





PERCENTAGE INCREASE OF 
COUNTING RATE AT 90° 
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Fic. 1. Least-squares parabolic variation of the ex 
increase of counting rates at 90° of 805-kev y ray of Co™ and 
1.33-Mev y ray of Co® vs (1/T*)* (T* is the magnetic tempera- 
ture). The standard deviation of the experimental points is 
approximately +0.3 percent for both curves. 


rimental 
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to decay to the 805-kev excited state of Fe** according 
to one of the following schemes: (1) 2(81)2(y2)0; (2) a 
50% mixture of 2(81)2(72)0 and 2(80)2(y2)0; and (3) 
2(90)2(y2)0. 

The angular distributions of the y radiation following 
the beta decays of both Co and Co™ have been 
calculated for the above modes of decay as functions of 
temperature.’ We have used the computations of Cox 
et al.* in order to determine the ratio of juss/u60 from 
our data, and the results are given in Table I. 

Measurement of the absolute values of the magnetic 
moments of Co** and Co™ have already been made by 
the Oxford and Leiden groups. Daniels ef al.* have 
measured psg=3.5+0.3 nm and have observed the 
Co*®* decay to be consistent with pure G-T selection 
rules. Bleaney et al.! have determined the magnetic 
moment of Co for various assumptions of the Co” 
decay scheme. Bu using their values for uo and that of 
Daniels et al. for uss, the values shown in parentheses 
in Table I are obtained for the ratio uss/uso. Our values 
are in good agreement with the ratios deduced in this 
manner from the absolute values. The value of ugo= 4.3 
+0.2 nm observed by Poppema ef a/.,7 when used with 
the value of us; observed by Daniels ef al.,° gives 
ss/eo=0.82+0.08. This ratio, when compared with 
the values of Table I, is not consistent with any of 
the modes of the Co® beta decay considered and at the 
same time a Gamow-Teller type of beta decay of Co". 
Our determination of the uss/ugo ratio, however, does 
not decide between the two sets of uso measurements, 
but it shows that the separate measurements of pss 
and yeo by the Oxford workers are internally consistent. 

We are indebted to the University of Illinois low- 
temperature group for the availability of the liquid 
helium supply and to Dr. D. Mapother for many 
suggestions concerning liquid helium problems. To 
Dr. R. P. Hudson of the National Bureau of Standards, 
Washington, D. C., we are indebted for many valuable 
suggestions demagnetization 
techniques. We are also grateful to Mr. G. de Pasquali 
for performing chemical separations and analyses. 


concerning adiabatic 


t Assisted by joint program of Office of Naval Research and 
the U. S. Atomic Energy Commission. 

* At present on leave at Kamerlingh Onnes Laboratory, Lei 
den, Holland. 

! Daniels, Grace, and Robinson, Nature 168, 780 (1951); 
Bleaney, Daniels, Grace, Halban, Kurti, Robinson, and Simon, 
Proc. Roy. Soc. (London) A221, 170 (1954). 

?M. Deutsch and G. Scharff-Goldhaber, Phys. Rev. 83, 1059 
(1951). 

* We use the notation 5(81)4(y2)2(720) to indicate that a nucleus 
of spin 5 undergoes 8 decay which carries 1 unit of angular 
momentum, to form a nucleus of spin 4 which then emits a y ray 
which carries 2 units of angular momentum. . . . 

‘K. Strauch, Phys. Rev. 79, 487 (1950). 

§ J. A. Spiers, National Research Council of Canada Publication 
No. 1925 (unpublished); N. R. Steenberg, Proc. Phys. Soc. 
(London) A65, 791 (1952); Cox, DeGroot, and Hartogh, Physica 
19, 1119 (1953). 

* Daniels, Grace, Halban, Kurti, and Robinson, Phil. Mag. 43, 
1297 (1952). 

7 Poppema, Steenland, Beun, and Gorter, Physica 21, 233 
(1955). 
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Measurements on K-Particles from 
the Bevatron* 


WARREN W. Cuupp, Gerson GOLDHABER, SULAMITH GOLDHABER, 
STEPHEN J. GoLpsack,t Josern E. LaNNutti, Frances M. Sura, 
AND Francis H. WEBB 
Radiation Laboratory, Depariment of Physics, 
University of California, Berkeley, California 
(Received May 9, 1955) 


A° an initial step in the study of K-particles, stacks 
of nuclear emulsions have been exposed at the 
Bevatron in two positions. (a) Exposure in the direct 
proton beam (proton energies 4.8 and 5.7 Bev): For 
this purpose the stacks were mounted on a plunging 
probe with a “lip target.”' This probe assembly was 
plunged into the vacuum chamber during the last part 
of the accelerating cycle. (b) Exposure to secondaries 
emitted at 90° to the target (proton energies 4.8 and 6.1 
Bev): Stacks were placed in a re-entrant well at a 
distance of about 10 inches from the target. (Time of 
flight for KA-particles observed is about 10° sec.) 
A 0.1-inch aluminum wall was the only intervening 
material. 

In 2.5 cm’ of emulsion scanned to date, 35 K-particles 
and five r mesons have been found. In Table I, mass 
measurements on 22 of these A-particles and three r 
mesons are given. The mass measurements were ob 
tained (a) by grain count vs range in the region of 1 to 
3 cm residual range,? and (b) by “opacity” measure- 
ments’ for short A-particle track lengths in the region of 
0.5 to 1.5 cm residual range. Each of the above measure- 
ments was directly calibrated against protons. For 


TABLE I. Measurements on X-particles and their secondaries 


Mass me Secondary 
Par- lonization Const Dip 
ticle range sagitta angle ps b/by I/Ie 
Ky 1010-+-30 © 8905+ 230 28° 
K:* 700-4 190 0° 189+ 25 0.99 .+-0.04 
Ky* 8154-70 ° 940+ 250 “ . 
Ky* 934-4 30 © 880+ 230 45° 185+ 20 1.14 40.06 
Ky* 962+ 30° 880+ 200 26° 190430 ~I 
Ke* 947+100° 14604370 56° 
Ky* 820+ 60 17° 
Ks* 875+ 40 1010+ 280 0” 5648 0.968 -+-0.04 
Ky* 975450 1320-+.350 no secondary found 
Kio* ORK + 45 4 7° 135+ 22 1.164-0.05 
Ku* 935 25 4 
Ki* 795+ 190 
Ku* 8464754 18 
Kus 10354704 690-4170 17 2.48+-0.05 
Ku* 1035+ 80 4 43 
Ku* 9414404 15 
Ku* 836+ 654 3° 
Ku* 875+704 63° 
Kw* 927+45 26° 
Keo* M014 45 nu, 

Ku» a814-45 3° 160+ 20 1.19-4-0.03 
Knut 1280+ 330 135424 1.1740.07 
Q value (Mev) 

n* . 846 
r* 1220+420 75.123 
rm 952+ 45 4 . 78.045 
rat 9322457 , 

n* 71.343 


* Found in well exposure giving a time of flight of about 10°* see 

> Found in the direct proton beam. Time of flight is 1X10"" —3 K10"™ see 
* Grain count w range 

4 Opacity (reference 3) vs range. 
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quick identification of K-particles, a constant sagitta 


mm of 
residual! range using the P1 cell scheme of Biswas e/ al.‘ 


with the cell scheme fed 


measurement was carried out over the last 7 
automatically into the micro- 
scope.” The weighted iverage of all mas 


936 m,211 m, 


measurements 
gives for the A particies observed. 


The measurements were checked for internal-externa] 


and were found to be consistent. The 


consistency 
value qu 
K-particles in 


mass 
the of 


ywresumably the K,2° ot 


oted above would indicate presen e 


our sample (] 


a mass lighter than the r mass (965 m,). As the ioniza- 


tion-range methods are the only ones contributing 


ippreciably to the weighted average, a further possible 





, 
systemat error Cal { be 


We 


fron 


excluded, | 


lifferent 


owever 


not feel therefore, that i ma 


r-meson mass Ss 


neces 
measurements 
Multiple-scattering 
, , 
were carried out on secondaries angies 


than 10°. The ondary of Kx was identified to be 


OO+6 Mev 


Ser 


electron of Table II gives the f 


results o 
the blob count and multiple-scattering measurements 
on the secondary of Ks. Column 6, Table II gives the 


measured blob density for the secondary. For compar 


TO 
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son we give in Column 7 the expected grain density for 
a@ w meson corresponding to the measured p8. From 
this comparison it is clear that a much lighter particle 
(i.e., electron) is present. The secondary of Ky, can be 
interpreted as being either a x from the alternate decay 
of the r meson (r*—+2x°+-2*) or a slow uv from the decay 
of a K,;. Ky is a case where no secondary was found; 
there was also no Auger electron found in conjunction 
with this event. All the other secondaries are consistent 
with -mesons or electrons. K, (see Fig. 1) undergoes an 
elastic scattering from a light nucleus (with visible 
recoil) in the emulsion. The scattering angle is 79°+1 
and the recoil angle is 55°4-5° with the incident direc- 
tion. The residual range of the K, particle after the 
scattering is 960u, corresponding to an energy of about 
10.5 Mev, which is well above the Coulomb barrier. 
Of 35 K-partic 


into single charged secondaries. Only 


the les found to date, 34 (presumably 
positive) decayed 


one, Ky, can 


secondary has beer 


be interpreted to be negative since no 


No K-partic! 


range have been found in 


found. es giving rise 


to Stars at the end f the 


this survey. 
We are greatly indebted to Edward J. Lofgren and 


for help ind 


the Bevatron crew their patience in 


Tase II. Measurements or 


0.968 +0.04 
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+0.05 


0.960 +04 
().947 
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+0.09 
+0.10 


1.01 
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urrying out t | ires. We also 
Miss S. Livingston, Mrs. L. Shaw, 


and 


thank 
and Mrs. C. Toche 
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wish to 


for their help painstaking in scanning the 


emulsions. 
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LETTERS TO 
Nuclide 99°°*+ 
B. G. Harvey, S. G. Tuompson, G. R. Cuopprn 
AND A. GHIORSO 
Radiation Laboratory, University of California, 
Berkeley, California 
(Received May 9, 1955 
“THE nuclide 99 has previously been reported'* 


with a half-life of 36 hours 
particles. Further investigation has 


and found to decay’ 
by emission of 8 
revealed the existence of another isomer of 99% which 
decays almost entirely by emission of alpha particles. 
The 36-hour isomer has been found to exhibit electron- 
capture branching to produce Cf™. 
1. The long-lived Samples of the 20-day 
6.6-Mev alpha-emitting 99° subjected to neutron 


isomer. 


bombardment were shown by alpha pulse analysis to 
lide 6.44+0.01 Mev alpha 
This new alpha radioactivity showed no 


contain a emitting 


nui 
particles. 
decrease in intensity during 3 months, so that the 
nuclide responsible for it must have a half-life longer 
than about 2 years. 


Chemical purification of the 99° by the method of 


ion-exchange elution, using Dowex-50 cation resin and 
ammonium a-hydroxy-isobut as eluant,’ showed 
that the 6.44-Mev alpha emitter 
from element 99. 


yrate 
ould not be separated 
Its assignment, based on the systemat f alpha 
This 
by collecting recoil nuclei 


0 
radioactivity,®* was most logically to mass 254 


assignment was confirmed 
from a very thin sample of the new alpha emitter. These 


daughter nuclei were shown to decay, by emission of 


approximately 3 hours 
teristic of Bk.’ 


7.2-Mev al 


8 particles, with a half-life of 
This radiation is chara 


The absence of an ha particles of 





1002 in equilibrium with this long-lived isomer 
of 99° shows that the partial half-lives of the latter 


sper ies for both 8~ decay and isomeric transition to the 


36-hour isomer are more t} 
-life. It 


36-hour isomer is the 


an 100 times longer than the 
s 





alpha h is perhaps more likely that the 


and 
refer to it as 99%5#™, 
2. Electron capture in 994™, 


ments® showed that a 


metastable state, it will be 
convenient provisionally to 
Preliminary experi- 
californium isotope decaying by 
detectable emission of 


spontaneous fission, with no 


alpha particles, grew into very carefully purified 
samples containing 99° 9974 Q0?54m and 99% The 


sf 1°8e 


californium exhibited a half-life of 85415 days. This 


observation has since been repeated and confirmed 


with much larger amounts of ai 
The 


short-lived spontaneous fission decay is most likely of 


ivity 


californium isotope 


responsible for such a 


even mass, and is therefore probably Cf, since Cf 


and CP . 


are already known. Some Cf*** might 
have been formed by electron capture decay of the 
99 4 


yresent in the sample. However, 9% 
’ 


might have been 


4 


(unknown) nuclide which 


is expected to be 


THE EDITOR 


337 


short-lived," and any Cf* produced by its electron- 
capture decay would have been removed in the initial 
purification of the 99 sample. Samples containing 
only 99° and 99° exhibit only a very small sponta- 
neous fission activity. The Cf** must therefore grow 
from Fr. 
process, and not from the 99°, 


the 36-hour 


by the electron-capture 


The amount of Cf 
produced by a known amount of 99°" gave a value of 
1000 for the ratio of 8- decay to electron capture 

t This work the auspices of the U. S 
Atomic Energy Commission 

‘Harvey, Thompson, Ghiorso 
1129 (1954 

? Fields, Studier, Mech, 
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and Choppin, Phys. Rev. 93, 


Diamond, Friedman, Magnusson, and 


Huizenga, Phys. Rev. 94, 209 (1954 
*Choppin, Thompson, Ghiorso, and Harvey, Phys. Rev. 94, 
1080 (1954 
‘Choppin, Harvey, and Thompson (unpublished work 
§ Perlman, Ghiorso, and Seaborg, Phys. Rev. 77, 26 (1950 
* Ghiorso, Thompson, Higgins, and Harvey, Phys. Rev. 95 
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7 Ghiorso, Thompson, Choppin, and Harvey, Phys. Rev. 94, 
1081 (1954 
®*Studier, Fields, Diamond, Mech, Friedman, Sellers, Pyle, 
Stevens, Magnusson, and Huizenga, Phys. Rev. 93, 1428 (1954 
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Absorption Experiments Involving 
Heavy Mesons 


r. Dp 


Columbia University, New York, New York 
ived May 10 


LEF 
(Rece 


HE purpose of this note is to point out that several 


interesting properties of some of these new 
elementary particles may be obtained by performing 


certain absorption experiments 
Absorption of K~ by 


following reactions: 


We 


deuteron 


ee 
t 


? p (B, 
The reactions (A,) and (A 
they may give a direct verification as to whether in 


the strong ir 


ire of interest because 


iteractions of these new particles the total 
isotopic spin is a good quantum number or not. It may 
be emphasized that while charge independence has 
become a fun 
recent 
evidence as to its validity concerning 
has yet been established. We note that if the total 


lamental principle used in almost all 


theoretical analyses of these particles,' no 


these particles 
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isotopic spin is conserved and if we assume that (a) 
there exists no charged particle of about the same mass 
as A° and (b) there exists no doubly charged particle 
of about the same mass as either 2~ or K~-, then from 
the known reactions,’ 


+ > 


r+p 
fe ee 


+ 


4 > 


, 
K*, 


- 


it is necessary to assume that the isotopic spin values 
for these particles are 


Iy=0, Ix=}, and /:=1, 
which is precisely the Gell-Mann scheme.’ Thus, 
charge independence would imply that the differential 


and (Ag) 


cross sections for the above reactions (A, 
are the same. 


ofA, =a(Az). 


On the other hand, information concerning the spins 
of K~ and = can be obtained by performing the 
reaction (B,) together with its inverse reaction: 

> + p-K-+d. (B.) 
From the principle of detailed balance the ratio of 
cross sections for these two reactions gives immediately 
the ratio (2J/ «+1 (2J +1 
spins of K , respectively. 

Charge independence may also be verified by other 


with Jx and Jy as the 
and = 
reactions from AK~ and d. However, they all involve 
some reactions with too many neutral particles as 
resultants, which make these reactions much harder 
to detect. 

{bsorption of K~ by Het or C® 
to verify the validity of charge independence by 
by Het. We consider 


It is also possible 


examining the absorption of K 
the following reactions: 


K~+Het—2°+ H*, C, 
K-+He—2-+ He’, (Co) 
K~+Het—A°+ H'+ 2°, (D, 
K~+Het—A°+ He’+x (D» 
K~+Het—>°+ He*+% (FE) 
K~-+He*—2>-+ He*+ 2’. (E2) 


If charge independence were true, the differential cross 
sections of the above reactions are related by 


. 


af 2)=2e(C)), 
o(Ds)=20(D;), 
a(E,)=o(E,). 


The same relations between these reactions still hold 
if one uses C™ instead of He* and adds two a particles 
to the right-hand sides of the above reactions. 
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The author wishes to thank Professor J. Steinberger, 
Professor R. Serber, and Professor C. N. Yang for 
discussions. 


’See A. Pais, Proceeding of the Fifth Annual Rochester Con- 
ference on High-Energy Physics (to be published) for a review of 
these analyses 

? Fowler, Shutt, Thorndike, and Whittemore, Phys. Rev. 93, 
861 (1954). 

*M. Gell-Mann, Phys. Rev. 93, 933 (1953). 





Further Observations of Negative 
K Mesons* 


J. Hornposte anv E. O. SALant 


Brookhaven National Laboratory, Upton, New York 


(Received May 16, 1955 


Dyeing om examination of the emulsions for 
which observations of negative K mesons have 
been reported' has revealed 22 such particles producing 
stars at the end of their range. Measurements of the 
masses of those particles are presented below. 

The experimental arrangement was like that sketched 
earlier,? but with the following differences: the proton 
energy 2.8 Bev, the collimator aperture 
narrowed to 1 inch, the mesons incident on the emul- 
sions were emitted at (4+1)° to the proton beam, and 
a magnet M (10 000 gauss) was interposed between the 
collimator and the stack of emulsions. The masses of 
the K~ mesons have been determined from their initial 
momenta and their ranges in the emulsions. 

The mean momentum p of the meson beam was 
established in two ways. One way depended on measure- 
ments of the Cosmotron’s magnetic field and the 
locations and orientations of target and collimator. 
This gave (310+4) Mev/c for p; the error is due 
mainly to uncertainty in the value of the Cosmotron’s 
field strength. The other way depended on the deflection 
of the negative pion beam by the magnet M; for this 
the collimator was narrowed to } inch and the deflection 
was measured by locating the displaced pion beam in 
the emulsions. The correlation between p and deflection 
was established by the wire method to an accuracy of 
0.5 percent. This procedure gave (316+4) Mev/c 
for p; the error is due mainly to the statistical uncer- 
tainty in locating the beam’s center in the emulsions. 

An average of the two methods is taken, namely 
p= (31343) Mev/c. The average spread in momentum 
is +8 Mev/c. 

The emulsions were conditioned before packing in 
an atmosphere of 60 percent relative humidity. The 
spread in K~ ranges is entirely consistent with a unique 
mass value and the average spread in momentum. 
The average range of the K~ mesons is (45.8+0.8) mm, 
a figure that includes a small allowance for packing 
material and a correction for distortion. Masses were 
computed with the range-energy relationship of 


was was 
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Baroni, Castagnoli, Cortini, Franzinetti, and Man- 
fredini corrected for the different type and density of 
our emulsions.’ 

The average value of the K~ mass is found to be 
(931+-24)m,. The stated error is a standard deviation, 
calculated from the following contributions: from 
uncertainty in momentum, 16 m,; from uncertainties in 
range, due to (a) statistical uncertainty in average 
range, 8 m,, (b) emulsion distortion, 10 m,, (c) uncer- 
tainty of moisture content, 7 m,; from inaccuracy of 
range-energy relation, 9 m,. 

Clearly, the value is not accurate enough to decide 
whether the mass of these K~ mesons is or is not the 
same as the r mass 965.5 m,.4 It is consistent with 
the recent K,» mass, 941 m,.! 

Besides these K~ mesons coming to rest, five making 
stars in flight have been identified, giving a collision 
mean free path of 20 cm, in approximate agreement, 
as noted previously,' with the geometrical mean free 
path (27 cm). Although tracks possibly due to pK 
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mesons (K particles that stop without producing 
visible products*) have also been observed in these 
emulsions, they do not appear numerous enough to 
alter that agreement significantly. 

We take pleasure in acknowledging our indebtedness 
to the Cosmotron staff, to R. M. Sternheimer for 
computing the Cosmotron trajectories: to W. L. Homer 
for surveying the relevant positions, to J. W. Quinn 
for help in the experiments, and to M. Bracker, B. M. 
Cozine, A. C. Lea, J. D. Leek, and E. R. Medd for 
microscopy. 

* Work performed under the auspices of the U. S. Atomic 
Energy Commission 

' J. Hornbostel and E. O. Salant, Phys. Rev. 98, 218 (1955) 

? J. Hornbostel and E. O. Salant, Phys. Rev. 93, 902 (1954). 

§ Baroni, Castagnoli, Cortini, Franzinetti, and Manfredini 
(unpublished) ; preprint circulated by CERN, Geneva 

‘ Report of Committee on r Mesons, Nuovo cimento 12, Suppl. 
2, 419 (1954) 

5L. Leprince-Ringuet, Proceedings of the Fifth Rochester 
Conference on High Energy Physics, 1955 (to be published), p. 105. 

* Report of Committee on K Particles, Nuovo cimento 12, 
Suppl. 2, 433 (1954). 
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MINUTES Of 


THE 1955 SPRING MEETING OF 


THE Onto SECTION 


AT Onto WESLEYAN UNIVERSITY, DELAWARE, OHIO, 
APRIL 22 AND 23, 1955 


HE regular spring meeting of the Ohio 

Section of the American Physical Society 
was held at Ohio Wesleyan University, Delaware, 
Ohio, on Friday and Saturday, April 22 and 23, 
1955. Friday morning was spent in viewing and 
judging the projects prepared by high school 
students of the state for the Junior Ohio Academy 
of Science. About one-third of the projects were in 
the field of physics. It is hoped that this attention 
will encourage these students to follow this interest 
in college. 

The subject for discussion on Friday afternoon, 
“Recent Developments in the Application of 
Nuclear Energy,’’ proved of such wide interest 
that the sections of physics and chemistry of the 
Ohio Academy of Science joined in our meeting. 
This gave us large numbers for the following 
invited papers: “Principles of Reactor Operation” 
by R. J. Stephenson, College of Wooster ; ‘Disposal 
of Radioactive Wastes” by F. C. Mead, Jr., The 
Monsanto Chemical Company; ‘Radioactive 
Isotopes in Medicine” by G. W. Callendine, Jr., 
Ohio State University Medical Center; and ‘Food 
Sterilization by Radiation’’ by R. F. Robinson, 
The Battelle Memorial Institute, Columbus, Ohio. 


On Saturday morning, eleven contributed papers 
were presented. No abstracts were provided for 
the following three: ‘Radio Detection of Meteors 
Using Standard Laboratory Equipment’ by Horace 
T. Castillo, Wright Air Force Development Center ; 
“A Study of the Spectroscopic Binary 5 Lacertae’”’ 
by Philip C. Stanger, Ohio Wesleyan University ; 
and “The Air Institute of Technology 
Engineering Curriculum” by William J. 
U.S. Air Force Institute of Technology. 

This being the annuai business meeting of the 
Ohio Section, the following officers were chosen 
for the year 1955-1956; Chairman, Richard N. 
Thayer, Lamp Development Laboratory, General 


Force 
Price, 


Electric Company, Cleveland, Ohio; Vice-Chair- 
man, Edward S. Foster, Jr., University of Toledo, 
Toledo, Ohio; and Secretary-Treasurer, Leon E. 
Smith, Denison University, Granville, Ohio. 
Abstracts of eight contributed papers follow 


Leon E. Somirn, Secretary 
The Ohio Section 
American Physical Society 
Granville, Ohio 
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Gamma-Ray Yield from Natural Silicon Bombarded with diameters ranging from 1.00 to 1.61 inches. An elec- 
Protons.” Mi R. Serer, Joun N. Cooper, anno J. C vy} ter 
Harris, Ohi late l ‘ 





y-heated molybdenum center wire was used to provide 
niversity—An investigation of the a radial temperature gradient for each column with the outer 
gamma-ray yield produced by the bombardment of natural wall temperature held constant by means of water cooling 
I with protons has bee lertaken for proton energies Preliminary data for the transport coefficients and shape 
between 400 and 1200 kev. Natural silicon is composed of factors of the columns have been obtained. The time and 
hree stable otopes of : mbers 28, 29. and 
‘ elat € il { 


pressure de pe dence of the separat 





ton factor of each column 

i 0.03, re were determined for mixtures of hydrogen and helium and for 
Prot capture | th ick ld P’ P i tural neor The isotopic constituents of the separated gas 
hese the two are ta ind decay by posit Iss mixtures were determined by mass-spectrometric analyses 
Data } e be take with both thick and th targets of ind the results are in good quantitative agreement with the 
SiO prepa im evaporat Pr ent gamma-t parameters of the theory. Also resulting values for the thermal 
‘ i t erved tor prot« energies of 414, 500, 621 liffusion constants at a center-wire temperature of 900°C 
675, 698, 70 ’ 760, 778, 944 1989 ke The two lowest ire within reasonable agreement with theoretical values 
resonances a ‘ ent agreement with the data of Tanger ilthough a temperature dependence has been observed 

1 estigate Dp ipture r 1 es at energic ip tk 
SOO ke Wor -_ el pr - the hy eng a *M i ( - c At erg 
eparated ”) RK A } Re M I 18, 151 (1946 

R 


~ Pee , Use of Characteristic Curves in the Study of Electrochem- 
ke Videnskat h rifter NR 1 (194¢ ical Systems. Freperick H. Gites, Bowling Green State 

' niversity.—Whe irrent flow is initiated tt I 
Technique for the Detection of Nuclear Resonances by 
Observing Residual Radioactivity." k I 


1rough an elec- 
rolvtic cell. ti 





le transient effects, as well as the steady-state 
k l Sv H ik conditions. show a depe dence Ipo he parameters ol poten 
J. C. Hargis, AND Joun N. Cooper, O} late University tial and resistance external to the cell. Voltage and current 
Apparat has been designed tructed, and tested for the lata, obtained | sing varied sett s of the external pa 
letectio | t i t ca rad t imeter may the be plotted in a manner analogous to the 
product It I tud i St t-lived p I la liar J rve emplo ed vacuum tube analysis 
emitte prot prot e. T t re eS¢ haracteristic curves" can then be used to predict the 
ft ‘ r , 7 eha r of the current and potentia 1 subsequent 
ssure ' ~ vole \ dt tr ent, as well as to give direct format m concerning the 
g ( tr) wit rece a i pot t il i ] re t ces whi h arise 
rat he t © re the ce current flow has begu Data obtained using 

ew i i idva age { ting emcte copper anode 1 ph ysphoris acid illustrate th procedure 

(seiger t e a lar r ingle 


Stability of the Transuranic Elements. R 
at letect Ek. Datty, AND G. ARPKEN, Miami University.—The alpha, 


KLINGENSMITH 


is 





{ fission stabilitv of the iclides through Z = 10¢ 
he tical tre have bee tudied by extrapolating the results of alpha and 
eveal t ' ‘ © pe t Ie p taneo hssic stematics. N lear masses have beet 
ila l t Y le lated for the eve even n lides, the beta st able regior 
ned e ol Id ‘ leter ed 1 partial half-lives predicted 
‘ Tt | ‘ ‘ 4 i f.] t 
: . Use of Clays for Disposal of Radioactive Wastes. WILLIAM 
oe fir For Institute of Technology.—It is 
K 93 34 , : . : p 
nosed t - ’ ninerals to dispose of radioactive waste 
te Tt} hit ld } nt i h th 
’ , . 7 The so ms would be co acted with the clav 
Emission Constant of Ac*™’. G. R. Gro ‘ | . “Mr ; . ; 
Ry 11 * a ind the radioactive s adsorbed the clay by an ion 
< , Chen Com pany The « 
ge process. Following adsorption, the ions would be 
— . , : 
, , ; ” I be 1 wit the clay by heat treatment to give a 
. 4 ; eT ! ta ‘ npervious to the ictio ol leaching 
ma i ri f Act I ~ 
‘ Vi ; ren , — . 
A study wa 1ade of the optimum conditions for adsorp 
: . . ‘ | g j . ’ 
tion of lanthanum on montmorillonite clay. It was found 
i¢ re t | a f ‘ tr ‘ ‘ arve 
Pp ‘ , , hat three portant variables are lanthanum concentration 
; : iy-to-water rat d pH of solut Optimum conditions 
; adsorp m montmorillonite occur at a clay concentra 
" f wit? i be . “ “ 
the ) al t 5000 ppm and atas tio H of about 5.0 
slibrate a) for scattering J 
. he adsorptio reases with reasing lanthanum concen 
akag , 
, tration, becoming constant at saturation of the clay 
' ls j 5 Preliminar results are en raging and would indicate 
that the clav tech e would be a expensive a 1 efficient 
thod f _ : f ; “ ew ton 
uM { . \ 
ates K 
ell, Ma i . 


and Hat ‘ 12, 14-18 (1954 
Gaseous Therma! Dif 


ffusion. G. R. Grove, K. W. Foster Relative Stability of Even-Numbered Isobars. J. D. Kur 
AND R. E. VALLEE, Monsanto Chemical Company.*—Several patov anp J. W. Downs,* Ohio State University.—The 
thermal columns were designed and are being used in a study lear energy of even-numbered isobars has been evaluated 
4 the effects of variations of the parameters of the theory of from disintegration data of intermediate odd-odd radioactive 
the thermal diffusion process These columns are 12 feet clei and from masses of stable isobars. The survey showed 
long with access ports spaced 12 inches apart, and they have that eight spx 


pecies for which the decay scheme is well estab- 
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lished, disintegrate by positron and electron emission. These 
provide information for nuclear energy differences. The 
stable isobars of these mass numbers are the nuclei which 
best compensate Coulomb and symmetry energies, such that 
the difference between nuclear energies is the smallest. For 
all other stable isobars for which experimental data are 
available now the nuclear energy difference is higher. The 
following general characteristics were established: (1) Stable 
isobar series of the same 7¢ have smaller nuclear energy 
content for the higher Z-species than the isobars of higher 7¢ 
for mass numbers less than the mass number of the inter- 
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mediate odd-odd species, which decays by two modes. (2) 
Series of stable isobars of the same 7¢ with mass numbers 
higher than the intermediate odd-odd radioactive nucleus, 
which disintegrate by two modes, have higher nuclear energy 
content for the higher Z than the isobars with higher Tt 
For example, the nuclear energy of 3:Ge™ is less than that of 
wZn™. The isobar y;As™ disintegrates by 
Ge™ and Se™. The nuclear energy of sKr"* 
that of s,Se™ 


* Major J. W. Downs, U. S. Air Force at present assigned t Ihio 
University for gra 


two modes into 
is higher than 


Mate 
luate stu 





MINUTES OF THE 
AT BUFFALO, 


HE thirty-third meeting of the New York 
State Section was held at Buffalo, New York, 
on May 13 and 14, with The University of Buffalo 
and Roswell Park Memorial Institute acting jointly 
about 100 registrants. The Friday 
morning session was devoted to two invited papers 
and six contributed papers; the Friday afternoon 
session was devoted to three invited papers, In 
the evening, following dinner and the 
meeting, members of the section joined with the 
University of Buffalo Chapter of Sigma Xi for a 
lecture on ‘‘Crashes’’ by Mr. Edward Dye, a 
member of the research staff of Cornell Aeronautical 
Laboratory in Buffalo. 
The Saturday morning 
Roswell Park Memorial Institute. 
members of the Institute staff preceded a tour of 


as hosts to 


business 


held at 


Three papers by 


session 


was 


the research laboratories 


At the business meeting, the following officers 


were elected for two-year terms: Chairman, 
Harold E. Way, Union College; Vice-Chairman, 
George W. Hazzard, General Electric Research 


Laboratory; Secretary, Darin H. Tomboulian; 
Treasurer, William I. Caldwell, Taylor Instrument 
Company. Elected to the Executive Committee for 
four-year terms Monica Healea, Vassar 
College, and Kenneth Moore, Rensselaer Poly- 
technic Institute; for a two-year term, to fill the 
vacancy resulting from the election of Hazzard 
to the vice-chairmanship, Oran Miller, Eastman 
Kodak Company 

Titles of the invited papers, and 
listed below 


L. W. Puiuips, Secretary 
New York State Section 
The University of Buffalo 
Buffalo 14, New York 


were 


abstracts of the 


contributed papers, are 


Invited Papers 


Education of Physicists in an Engineering World. G. \ 


Hazzarvb, General Electric Research Lab 


watory 


1955 SPRING MEETING OF THI 
May 


New York STATE SECTION 


13 AND 14, 1955 


Information Theory Wetmers, Beil 
Air rast © or poration 

New Sintered-Piate Nickel-Cadmium 
L. Grant Hector, The S 

Sun and Cosmic Rays. ?. Morrison, C 

Monte Carlo Methods for the Study of Cell Populations. 
J. G. Horrman, Roswell Park Memorial Institute 

Electronic Stopping Power and Radiation Damage. N. A 
BaiLy, Roswell Park Memorial Institut 

Magnetic Susceptibilities of Biological Material. 1D. L. 
WoOERNLEY, Roswell Park Memorial Institute 

Flying-Spot Microscope and Its Application to the Study of 
Cell Sizes. H. C. Box, Roswell Park Men Institute, AND 
\. Russex, The f Buffal 


Bit by Bit. E. 1 


Storage Battery. 
" 


motone Cor pi walt 





nell University 





University o 


Contributed Papers 


A Systematic g-Shift for Free Electrons. |. G. Casrie, |r 


i he Un rsuy of Buffalo Free -clectron spin-resonance 
absorption in thermal carbon blacks has been observed and 
can be attributed to conduction carriers. The single line 
spectra of such blacks have much sharper lines than those of 
soft carbon powder' and as such are more suitable for studying 
g-values and line shapes. The lines are symmetric, closely 


Lorentz-shaped, and show an intensity of absorption similar 


to those in soft carbons, namely, zero at Ht=1400°C, and 
readily observed magnitude for Ht-values from 1600°C to 
3000°C. However, the line width and g-value have a striking 
dependence on Ht, going from 2 gauss and 2.004 at 1600°C 
to about 8 gauss and 2.014 at 3000°C. It is expected that the 
strong g-shift is due to spin-orbit coupling for the conduct 
carriers in the carbon blacks 
1. G. Castle, Jr. Phys. Rev. 95, 846 (1954 


Using the Snooperscope Tube with the Spectrometer. 
Dona_Lp E. Dean, New York State College for Teachers rhe 
is to demonstrate visually to the 
ind infrared a 
When constructing the 
was first mounted to the tube in a hard 
screen of the 


purpose of this trument 


student the near ultraviolet a continuation 


of the visible spectrum instrument a 
jeweler's e 
shell and focused on the 
Next the ocular and crosshairs of the 
use of the filter holder of the tube and 


yepiece 
rubber fluorescent 
infrared tube spectrom 
eter were removed. By 
a cylindrical adapter of hard rubber, the tube was mounted 
to the telesc: \ Sola 3000-volt gas-tube 


ed for a high potential between photoemis 


pe of the spectrometer 
transformer was 
fluorescent 


an were 


sive and creens. Both a thin glass mounted 


grating and a pri used for dispersion. When a Variac 
to reduce continually the brightness of 


visible 


transformer was used 


a projection lamp the portion of the epectrum com- 
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pletely dissappeared before the infrared. A sodium lamp gave 
several lines in the infrared and a mercury lamp a strong line 
in the ultraviolet 


An Attempt to Geometrize Electromagnetic Theory. R. H. 
PenrieLp, Harpur College-——In recent work 
considered g,,'s which are neither symmetric 


Einstein has 
nor antisym- 
metric. However, when one considers the line element 
ds* = 4, dx‘dx*, the antisymmetric part makes no contribution 
to the line element and therefore does not affect the geodesics 
lherefore, it seemed desirable to investigate whether equations 
similar to Maxwell's could be obtained from the requirement 
that the gia’s and the 


dx‘dx* should anticommute. By restricting the affine connec- 


should be completely antisymmetri« 
tion two of Maxwell's equations can be obtained readily 
However, it appears that the two remaining equations are 
not contained in the theory mainly due to the nonsymmetric 
nature of Maxwell's equations 


A Transmission-Line Demonstration. M. J]. Pryor, New 
York State ( Teachers.—In this demonstration a 


lege for 





comparison is made between transmission of electrical energy 
at rated and at stepped up potentials. The purpose is 
to vividly show the advantage of transformer use at the time 


when transformers are first discussed in class. The potentials 


ised are such that the exhibit is set up and left for the students 


to operate. A projection-lamp transformer connected to the 


service line substitutes for a six-volt ac generator. Two pairs 


4 lines lead directly from the “generator’ to a six-volt 


18-ampere projection lamp which is the load. Two other pairs 


of lines are “high-tension lines’’ with the potential at 120 


volts. Transformers like the first one mentioned, produce the 
step-up and step-down in the “generated” potential. These 
lines, in turn, operate the same lamp. The lamp is observed to 
be completely lighted with wire but one twenty-fifth the 
cross section of wire which was unsatisfactory for direct 
transmission. In class use the differences in brilliance give 
graphic evidence of the difference in effectiveness. For 


individual inspection, there are meters which give current and 


each position in the transmission 


pote ntial at 


important 
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system. Little difference results from having all lines connected 
to the lamp. This makes it possible to operate the entire 
demonstration from the “generator’’ position. 


Fused Silica Dielectric Measurements at Low Frequencies. 
J. P. SackinGer, Corning Glass Works.—Measurements have 
been made of the dielectric constant and loss tangent at low 
frequencies on several samples of Corning fused silica and 
one sample of fused quartz. All measurements are taken at 
room temperature. A value of 3.64+0.07 is found for the 
dielectric constant for all samples. No change in dielectric 
constant is found between 100 cycles and 20 kilocycles per 
second. Values of loss tangent range from about 1 X10~* to 
1.5X10-* for Corning fused silica samples. The effects of 
various electrode materials and methods of application on 
loss tangent data will be discussed 


Kinetic Analysis of Thyroidal Iodide Trapping and Binding 
in the Human Subject. Rosatyn S. YALOw AnD SOLOMON A 
Berson, Veterans Administration Hospital—The kinetics of 
tracer mixing in multicompartmental systems has been 
presented in its theoretical aspects by Sheppard and House- 
holder! and several special cases have been reviewed by 
Solomon.? This cannot be applied to open 
multicompartmental which data is 
limited to only two compartments. This report describes a 
transter 


type analysis 


systems in available 


graphic method for analysis of rates between a 
terminal and its adjacent compartment from observations 
restricted to these two compartments in an otherwise uncon- 
strained multicompartmental system. This method is applied 
to the determination of the rates of thyroidal iodide trapping 
and binding im vivo. The outflux rate constant, Arp, is given 
by the relation Arp = (d7T’ /dt}/(P’T,--T’ dR/dt)/R, where 
T’ is total thyroidal radioactivity. P’ is concentration of 
T, is the ratio, 7’/P’, at distribution 
equilibrium, and R is the total radioactivity remaining in 
the body at any time ¢. Results indicate that iodide trapping 
accumulation 


plasma radioactivity, 


is the rate limiting process in thyroidal iodide 


22, 510 (1951). 


Householder, J. Appl. Phys 


28, 1297 (1949 


C. W. Sheppard and A. S 


*A. K. Solomon, J. Clin. Invest 








